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Volume Changes Observed in Small Concrete 
Cylinders During Freezing and Thawing Using a 
Mercury Displacement Dilatometer 


By Rudolph C. Valor, Jr. 


\ mercury-displacement dilatometer is described for continuously determining the 


changes in bulk volume of small concrete cylinders during freezing and thawing. Various 


types of freezing and thawing cycles were employed in which the 40° to —20° F range 


was covered at various rates. The results presented are representative volume-temperature 


relationships obtained for specimens tested in air-dry, partially saturated, and “‘vacuum- 


saturated” moisture conditions. Relationships for air-dry specimens vielded uniform ther- 


mal-expansion data, but those for partially saturated specimens showed departures from 


uniformity that are ascribed to the freezing and thawing of water in the pore structures of 


the specimens. Vacuum-saturated specimens showed much larger departures and failed as 


a result of a single evcle of freezing and thawing. 


I. Introduction 


Moist, porous building materials subjected to 
repeated alternate cveles of freezing and thawing 
usually show a progressive deterioration mani- 
fested by a softening, sealing, spalling, cracking, 
or loss of strength or elasticity. This deteriora- 
tion has generally been ascribed to a repeated 
straining or distending of the material that may 
occur as a consequence of the conversion of water 
to ice within the pore system of the material. 

The fact. that water increases in volume as it 
freezes (approximately 9% at 32° F) has led vari- 
ous Investigators to employ a dilatometric or dis- 
placement method for studying the volume 
freezing-point relationships for a number of mate- 
rials. The method has been employed by Ander- 
son and Edlefson [1]! and others [2] in studies of 
soils, by Thomas [3] in England in a comprehen- 
sive study of the frost resistance of building stone, 
and by Powers and Brownyard [4] in a study of 
saturated, hardened portland cement pastes. 

The present work is part of an investigation of 
the physical reactions occurring in concrete speci- 
mens of different degrees of moisture saturation 


Figures in brackets indicate the literature references at the end of this 


peek per 
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during freezing and thawing. It was believed 
that the measurement of transient and residual 
changes in bulk volume (i. e., volume of solids 
plus volume of pores) occurring in specimens dur- 
ing, and as a result of, freezing and thawing cycles 
of various types might provide some desired infor- 
mation. To attain this end, the first objective 
was the development of a satisfactory dilatometer. 


II. Scope 


The initial problem in the development of a 
satisfactory dilatometer involved the choice of a 
suitable displacement medium. Liquids in’ the 
hydrocarbon group, such as toluene and kerosine, 
had been widely used as displacement media in 
previous dilatometer work and were found to be 
satisfactory where the detection of freezing points 
and measurement of volume changes in fully satu- 
rated samples were required. Thomas [5], how- 
ever, using ligroine (petroleum ether), found the 
dilatometer unreliable for measuring changes in 
bulk volume in partially saturated specimens of 
building stone during freezing and thawing. It 
appeared that the physical properties of petroleum 
ether were such that the liquid readily entered, 
to an undetermined extent, those pore spaces not 














filled with water. Thomas made his most satis- 
factory determinations by an optical-lever linear 
extensometer method. 

For the present work, mercury was chosen as 
the displacement medium, because of several 
advantages it appeared to show over liquids in 
the hydrocarbon group within the desired working 
temperature range, 40° to —20° F. These ad- 
vantages included (1) a uniform and relatively low 
coefficient of thermal expansion, (2) a relatively 
high coefficient of thermal conduetivity, (3) a low 
specific heat, and (4) the nonwetting property. 
The high density of mercury allowed a high degree 
of precision in the various operations preparatory 
to and following the dilatometer tests, since very 
small volumes of mercury could be accurately 
determined by weighing. 

Mercury, however, was found to penetrate to a 
slight but undesirable extent the surfaces of dry 
or partially saturated concrete specimens. It was 
found necessary to treat the specimens in such a 
way as to render the surfaces impermeable to 
mereury While not interfering with the free passage 
of air, water, and water vapor during drying and 
other curing operations. This was accomplished 
by rubbing a cement-fine-sand mortar into the 
surface of each specimen, effectively “sealing” the 
larger pore openings and = surface voids. The 
weight of each specimen was increased by less 
than 0.5 percent by this treatment. 

Of the many variables in specimen condition 
thought to affect the reaction to freezing and 
thawing, the moisture condition was chosen for 
greatest emphasis. Specimens were air-dried and 
“vacuum-saturated” before the testing to provide 
two extremes in moisture condition; and various 
curing procedures were employed to provide speci- 
mens in the more normal condition of partial 
saturation. 
additional moisture during testing in the dila- 


The specimens did not have access to 


tometers, since they were completely immersed in 
mereury. Thus the “buildup” in saturation de- 
seribed by Kreuger [5] and observed by Tucker, 
Walker, and Swenson [6] did not oceur and could 
not be studied. 

The specimens were small cylinders cast from 
conerete of one-mix design (plain and modified by 
the addition of an air-entraining agent) made with 
one brand of normal portland cement and one 


type of aggregate. 


Comparison of results obtained in laboratories 
using a wide variety of techniques in performing 
freezing and thawing testing of concrete indicated 
the rate of temperature change as a most signifi- 
cant variable. 
made in rates of cooling and heating during the 
freezing and thawing cycles, and also in the length 
of periods at constant temperature during and 
between cycles. Volume-temperature relationships 


For this reason variations were 


for the various types of cycles were obtained within 
a single temperature range, 40° to —20° F, which 
was sufficiently broad to permit the use of rather 
effective extremes in the rates of temperature 
change. 

Most of the specimens tested were subjected to 
freezing and thawing eyeles of several kinds. 
This was done in order that a comparison of the 
effects of various test procedures could be made 
upon a single specimen unobseured by the un- 
predictable dissimilarities that often occur in 
“duplicate” specimens. 

In addition to the volume-temperature relation- 
ships, supplementary determinations were made 
for each specimen. The degree of saturation of a 
specimen was expressed as a percentage of “vac- 
uum-saturation,”” based upon the weight of the 
specimen when oven dried, inasmuch as other 
means for evaluating the moisture condition were 
found to be less reliable. The effects of the various 
freezing and thawing treatments were evaluated in 
terms of changes in Young’s modulus of elasticity 
(dynamic, flexural). The specimen could not 
conveniently be removed from the dilatometer 
during the progress of a evele, or between cycles, 
so that normally only the total effeet of a number 
of cycles was ascertained. This was done by 
obtaining the difference in’ Young’s modulus, 
determined before and after the dilatometer tests. 

Because of the exploratory nature of the work, 
the results obtained are not amenable to statistical 
treatment. Results presented are confined largely 
to figures) portraying the volume-temperature 
behavior for approximately one-fourth of the more 
than 50 specimens tested. Nevertheless, certain 
patterns of behavior have been observed and are 
discussed. Such conelusions as may be implied 
in the discussion of results, however, apply only 
to the specimens tested in which the effects of 
brand of portland cement and type of aggregate 
were not included among the variables studied. 
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III. Dilatometers and Equipment -in. bolts, which extended through the bottom 
; ; plate, and was secured by wing nuts. A com- 
1. Construction of the Dilatometers pressible organic plastic gasket 0.002-in. thick was 


A drawing of the dilatometer is shown in figure placed between the top of the eylinder and the 
1. The vertical cylindrical chamber was con- cover to prevent the loss of mercury. 


structed from 0.15-in.-thick seamless mild-steel 



















SE REET ld pate 2. Burettes 
tubing 2.05 in. in internal diameter and 7.25 in. in 
height. The top and bottom were formed from Measuring pipettes were used as dilatometer 
l-in. steel plate. The bottom plate was machined burettes. The pipette tips were broken off and 
to fit the tubing and then welded into place, as the straight-bore stems were cemented into short 
shown in the drawing. The steel cover was ma- lengths of threaded steel tubing to form inter- 
chined to fit the top of the evlinder, and the inner — changeable, detachable burette assemblies. A 
surface of the cover was funnel-shaped to facilitate thin, hard-rubber gasket separated the tubing at 
the removal of air entrapped in the dilatometer the bottom end of the burette from the tubing that 
during the liquid filling process. The apex of the formed a part of the dilatometer cover, as shown 
inverted funnel opened into a °.-in.-outside-diam- in figure 1. One-, two-, and five-ml-capacity 
eter threaded steel tube, to the top end of which pipettes were used. For most tests, the |-ml size 
a glass burette assembly was attached. The cover was satisfactory, but for tests of vacuum-saturated 
was*attached to the evlinder by means of four specimens it was necessary to use the 5-ml size. 
~~ BURETTE 
oI 
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Picture tL. Vertical section of mercury-dis placement dilatometer containing a cylindrical concrete test specimen 


Volume Changes of Concrete, Frozen and Thawed 3 





The pipettes were calibrated by the Metrology 
Division of the National Bureau of Standards. 
Only those pipettes for which the mean error of 
marking than 1 
Readings were estimated to 0.001 ml for the 1- 


was less percent were used. 


Therefore, changes in volume 
as small as 0.0003 percent could be discerned for 


and 2-ml pipettes, 
specimens with bulk volumes ranging between 335 
and 340 ml. 


3. Calibration of the Dilatometer Assemblies 


The dilatometer calibration consisted in obtain- 
ing a value for the thermal coefficient of volume 
change for the dilatometer chamber. This value 
was calculated as the volume change per degree 
per milliliter capacity. The capacity was the 
volume at 40° F when the dilatometer was filled 
to the chosen burette level. The use of a solid 
steel evlinder having dimensions similar to those 
of the conerete specimens to be described in a 
facilitated the determination. 
The calibration was performed in several steps. 


following section 


First, the thermal coefficient of linear expansion 
for the steel calibration “specimen” was computed 
from thermal extensions and 


observed by means of a Tuckerman optical-lever 


contractions, as 
extensometer and autocollimator [7]? The speci- 


men was placed in a controlled temperature, 


thermally insulated air chamber, and gage readings 








perature equilibrium. The gages used were 6 in. 
long and were calibrated relative to a standard 
steel bar for which the thermal coefficient of linear 
expansion had been determined by the Metrology 
Division. The gage readings represented changes 
in length of the test objects relative to changes in 
length of the gages. The test chamber was taken 
through two complete cycles of temperature 
change so that four determinations were made. 
The mean value obtained for the 
efficient of linear expansion for the steel specimen 
was 6.3 107° per degree Fahrenheit, as shown in 
table 1. This value was multiplied by 3 to obtain 
the coefficient of cubical expansion. 


thermal co- 


TaBLe 1. 


calibration specimen, determined by 


Thermal coefficient of linear expansion of steel 
Tua he re 


means of 


man optical lever extensometer 


Thermal coefficient of 
linear expansion per 
degree Fahrenheit 


Temperature 


Initial Final 


F F 
mY 22.6 63410 
22.6 70.2 6. 25 
70.2 30.2 6. 2 
30.2 a0 2s 


Mean 6.3 xl 


The second step in the calibration consisted in 
determining the burette reading change per degree 
when the dilatometer contained the 


To obtain § these 














were observed when the system attained tem- Fahrenheit 
; steel specimen and mercury. 
7 A complete description of the apparatus is given in The thermal expansion ‘ . ‘ 
of clay building bricks, by C. W. Ross [8 data, the loaded dilatometer was immersed sue- 
0.8 -——T , . . 4 a - 
0 
E ou. 
S 02 ‘i : . a 
ws 
« 
w | 0.3 
= 
me 
a 
Sioa = 
@ 
0.5 
-06 L r 1 1 ! J l ! an 1 , 
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TEMPERATURE, °F 


Fieure 2. Changes in burette 


reading with temperature for dilatometer 1 containing a steel calibration specimen sur- 


rou nded by mercury. 


I'wo burette sizes were used A, 2-ml burette; B, 1-ml burette; @, cooling: 


, heating 
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cessively in a number of constant-temperature 
baths between 40° and —20° F and held at each 
temperature until equilibrium was reached. Fig- 
ure 2, A, shows the burette readings plotted 
against temperature for one of the dilatometers 
with a 2-ml burette attachment. In figure 2, B, 
similar data are shown for the same dilatometer 
with a I-ml burette and for a somewhat different 
temperature range. Values for the slopes were 
computed by the method of least squares and 
represent the burette reading changes per degree 
Fahrenheit. The total volume change per degree 
for the dilatometer chamber was simply the bu- 
rette reading change per degree subtracted from 
the computed volume change per degree for the 
steel specimen and the mereury. The value 
used for the thermal coefficient of cubical ex- 
pansion of mercury, 100.7 107° per degree 
Fahrenheit was derived from data on the specific 
20° F [9]. 

The following is a sample caleulation for the 
thermal coefficient of volume change per degree 
Fahrenheit per milliliter capacity of dilatometer 
| with 2-ml burette attachment: 


volume over the range + 40° to 


Volume of steel specimen at 40° F 341.0 ml 
Volume of mercury in dilatometer at 

Ww OF 87.9 ml 
Capacity of dilatometer chamber at 40° F_ 428. 0 ml 
Volume change of steel specimen per de- 

gree Fahrenheit equals 341.0 6.3> 

10-8 «3 0. 0064 mil 
Volume change of mercury per degree 

Fahrenheit equals 87.9 100.7 10° 
Total volume change, steel specimen and 


OOSY mi 


mereury, per degree Fahrenheit — — - 0153 mi 
Burette reading change per degree Fahren- 

heit : . 0072 ml 
Volume change of dilatometer chamber, 

per degree Fahrenheit . OOST mil 


Volume change of dilatometer chamber 

per degree Fahrenheit per milliliter ca- 

pacity 19. O« 10>*ml 
Thermal coefficient of linear expansion for 

steel dilatometer chamber (computed as 

one-third of volume change per degree 

Fahrenheit per milliliter capacity) —- 6. 310° 
The results of the determination of the coefli- 
cients of cubical and linear expansion for the 
chamber of dilatometer | are shown in table 2. 

To provide an approximate but independent 
check on the calibration of the dilatometer, the 
thermal coefficient of linear expansion for the 
evlindrieal portion alone of dilatometer 1) was 
determined by means of the optical lever extenso- 


Volume Changes of Concrete, Frozen and Thawed 


TABLE 2. Thermal coefficients of cubical and linear ex- 
pansion for dilatometer chamber 1, 
Slope of line I hermal coo ftic tent of 
of regression ! Sttentne per degree 
Jurette ahrenhe 
. — (milliliters peetieeee 
eee per degree 
Fahrenheit Cubical ? Linear 
ml 
2 —0. OO716 19. Ox 10° 6.3x«10°° 
2 oor 15.6 6.2 
1 OoTIS InS 6.3 
Mean IS. 8X 10? 63x10 


' Computed by the method of least squares; 2 of the 3 determinations 
are shown in figure 2 
? Volume change of dilatometer chamber per milliliter of capacity per 
degree Fahrenheit 
Computed as one-third of cubical coefficient. 


meter |7], previously mentioned. These results 
are shown in table 3. The mean value for the 
thermal coefficient of linear expansion, 6.45 107° 
per degree Fahrenheit, obtained by the extenso- 
meter method was less than 3 percent higher than 
the mean value, 6.3 107° per degree Fahrenheit, 
obtained by the volumetric method. The value 
accepted for the thermal coefficient of volume 
change for the entire dilatometer chamber was 
the one calculated from the volumetric determina- 
tions, as it was obtained under conditions most 
nearly simulating the method actually used for 
testing the concrete specimens. 


Tasie 3. Thermal coefficient of linear expansion for the 


cylindrical portion of dilatometer (No. 1), as determined 
hy means of the Tuckerman optical-lever extensometer 


Pemperature Thermal coefficient of 


linear expansion per 


Initial Final degree Fahrenheit 


F I 
wy 22 ¢ 4 Ww 
22.6 70.2 ‘4 
70.2 we “ou 
w2 a0 ia 


Mean... 6. 45X10 


The therinal coeflicient of volume change for a 
second dilatometer was also determined by the 
methods outlined above. The calibration gave a 
mean value identical with that obtained for the 
first dilatometer. The volume change of a con- 
crete specimen tested in a dilatometer was equal 
to the burette reading change, plus the volume 
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change of the dilatometer chamber, minus the 
volume change of the mercury. 


4. Refrigerated Baths 


Conerete freezing-and-thawing test equipment, 
in which the coolant was an ethylene glvcol-w ater 
mixture, was adapted to accommodate the dila- 
tometers. The dilatometers were suspended from 
wells in the covers, so that the chamber of the 
dilatometer was completely immersed in the 
The burettes extended some 4 or 5 tn. 
Since all tests and the 


coolant. 
above the top of the well. 
volumetric calibration of the dilatometers were 
made with the dilatometers suspended identically, 
burette stem corrections were obviated. 

Five controlled temperature baths were avail- 
able for the tests. The temperature of the baths 
was generally controlled to within 1 deg F of the 
desired temperature within the 40° to —20° F 
range. In addition, the temperature of each bath 
could be varied within this range in steps as small 
as2deg FF. Inoperation one bath was maintained 
continuously at 40° F + 1° F and another near 

20° FF. Ina third bath the temperature could 
be lowered stepwise from 40° to —20° F in a 
minimum time of about 8 hrs, and the temperature 
could be increased in this range at a comparable 
rate. More rapid cooling or heating rates were 
obtained by transferring dilatometers to the 
appropriate bath. 


5. Temperature Measurements 


All temperature measurements were made by 
using calibrated copper-constantan thermocouples. 
For the purposes of this study, equilibrium condi- 
tions were assumed to exist when the temperature 
difference between the center of the specimen and 


the bath was 0.5 deg F or less 


IV. Preparation of Test Specimens 


l. Materials 


A portland cement was used that complied with 
the requirements of Federal Specification SS—C 
Oth [10] 
compound composition of this cement are shown 
in table 4. 

Siliceous sand and “in. gravel of Potomac 
The per- 


The chemical analysis and calculated 


River origin were used as aggregate. 
centage absorption by weight was 1.0 for the 
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sand and 1.3 for the gravel. The sieve analyses 
for these materials, made with United States 


Standard Sieves, are listed in table 5. 


Taste 4. Chemical analysis and calculated compound 


composition of the portland cement 


Component Pereent Component Puremnt 

uge uve 
sit 22.0 Ivnition loss } Os 
Fi of 2 Insoluble residur l 
Alot 5.7 CHC) solubility 4 
Cad “4.7 
Veo 16 CaO ALO 1! 
s0 1.7 2 CaO.SiO» oH 
Kol) a2 CaO SiO» wv 
Ned Is 

TABLE 5. Sieve analyses of aggregates 


Sand Gravel 
Cumu 
> lative - 
‘ Percentage recent ei Percentage 
‘ et eve 
retained ” retained 
sue 
retained 
Novs 1. 8 15.8 tsncl 15 
No. 16 17.8 6 No.4 u 
No, 3 to m6 
No.) 23. 1 S77 
No. 100 as “7.5 
Pan 2. 5 
Potel moe 2 2 Total ou 
| value gives a fineness modulus of 2.09, 


2. Fabrication of the Test Specimens 


Specimens were cast from a concrete mix de- 
signed to a cement factor of six bags per cubic 
vard of conerete. Half of the specimens were 
prepared from a plain mix and half from a mix 
modified by the addition of an air-entraining 
agent. A slight adjustment in the proportion of 
sand was required in the modified mix to main- 
tain the cement factor constant. The basie mix 
proportions were, by weight, | cement: 2.8 sand: 
2.5 gravel, on the basis of a saturated, surface-dry 
condition for the aggregates. Actually, dry ag- 
gregates were used and corrections for water ab- 
sorption were made in determining batch weights. 
The quantity of mixing water was adjusted for 
ach batch to give a consisteney on the flow table 
within the range of 100 to 115 percent, as deter- 
mined in accordance with Federal Specification 
SSC 158b [11]. 
0.56 produced the desired flow in the plain mixes, 


A water-cement weight ratio of 
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whereas 0.53 was sufficient for the aerated batches, 
that contained 0.01 percent by weight of cement 
of a proprietary resin added in neutralized solution. 

The total weight of each batch of materials was 
approximately 2,800 g and was sufficient for cast- 
ing three specimens. Batches were hand-mixed 
for 3 min, allowed to stand for 2 min, and remixed 
for a 2-min period. 

Air in the plastic mixes was determined gravi- 
metrically by the method deseribed in Federal 
Specification SS-C—-158b, [11]. The plain mixes 
contained 2.5 +0.5 percent of air, by volume, 
which is a relatively large amount for a nonaerated 
mix, and the aerated mixes contained 5.3. +0.6 
pereent of air. The plain mix appeared coarse 
and harsh in contrast to the plasticity and co- 
hesiveness of the aerated mix, as judged by the 
relative ease of mixing. 

Immediately following the mixing, the test 
specimens (1.92 +0.01 in. in diameter and 7.20 
-0.10 in. in height) were molded. The eylin-, 
drical molds were filled vertically in three layers, 
and each layer was rodded with a bullet-nosed 
‘-in. diameter metal rod. The bottom and top 
ends of the molds were closed with wooden plugs; 
gage points were held in place in holes in the 
centers of the plugs. (The gage points were avail- 
able for use in determining residual length changes; 
only in the case of the vacuum saturated specimens 
were these data significant). The bottom plug 
also held a '.-in. diameter metal rod, one end of 





Figure 3 


7 ypical concrete test spec~mens, mercury-dis- 
placement dilatometer, and specimen mold with top and 


bottom plugs 
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which extended 2‘: in. into the specimen to a point 
A cello- 


phane tape sleeve was fitted on the metal rod so 


at the center of the circular cross section. 


that when the specimen was removed from the 
mold the rod could be easily extracted, leaving a 
hole for the insertion of the thermoelement (figs. 1 
and 3). The top plus was fitted into the mold 
after most of the bleeding had occurred. The 
specimens remained in the molds for 24 hr before 


removal. 
3. Surface Treatment of the Specimens 


Preliminary experiments indicated the necessity 
for surface treatment of the specimen to prevent 
the penetration of mercury during the testing. A 
1:1 cement-sand mortar of putty-like consistency 
was rubbed into the surface of each specimen upon 
its removal from the mold, in such a Way as lo 
fill all surface voids and larger pores. The mortar 
was made with the same cement used for the 
specimen and with sand passing a No. 50 sieve. 

All specimens were subsequently stored in a fog 
room, maintained at 70° +2° F and between 95- 
and 100-percent relative humidity, until they were 
28 davs old, after which the curing procedures 
varied, 


V. Procedures 
1. Preparation for the Dilatometer Tests 


The copper-constantan thermoelement and lead 
wires were sealed into the ',-in.-outside-diameter 
organic plastic tubing so that the element barely 
protruded from one end of the tubing. The clement 
and end of the tubing were coated with an organic 
plastic cement; after the cement had dried, the 
unit was inserted into the hole provided in the 
specimen so that the coated thermoelement was in 
contact with the conerete. The unit was sealed in 
place by tamping “iren” cement paste of dry con- 
sistency between the flared opening at the top of 
the specimen and the plastic tubing (fig. 1). The 
cement was of a quick-setting, expanding type and 
constricted the tubing when set. 

The specimen was placed in the dilatometer 
after being quickly wiped with a dry cloth when 
necessary, and the cover was then bolted securely 
to the dilatometer chamber. The dilatometer was 
next filled with sufficient mercury to covet the 
specimen. 

It was found that the entrapping of air upon the 
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inner walls of the dilatometer and upon the surface 
of the specimen could be largely avoided by intro- 
ducing the mercury into the dilatometer in small 
drops. Therefore, the mercury was poured into the 
dilatometer through a fine capillary that formed 
the stem of a glass funnel. The time required for 
filling was about 15 min. The specimen did not 
appear to lose an appreciable amount of moisture 
during this period, as judged by the weight of the 
specimen before and after testing. 

It was next necessary to seal the tubing contain- 
ing the thermoelement leads at the point where it 
passed through the dilatometer cover. The iron 
cement paste was tamped between the tubing and 
the flared hole in the dilatometer cover. After the 
iron cement had set, it Was coated with the organie 
plastic cement to protect it from the coolant liquid 
of the refrigerated baths. 

To complete the dilatometer-specimen assembly, 
the burette was attached to the dilatometer and 
sufficient mercury was added so that the meniscus 
was visible in the burette. Even with careful filling 
it Was necessary in some cases to agitate the 
dilatometer occasionally over a 24-hr period, in 
order to remove all of the entrapped air. A simple 
test for determining the approximate volume of 
entrapped air remaining in the dilatometer con- 
sisted in applying a small amount of pressure 
through the open end of the burette. The amount 
of entrapped air was indicated by the displacement 
of the mereury meniscus. When this air had been 
removed, the mercury meniscus was adjusted to 
the zero reference level at 40° F. Testing was not 
begun until the burette reading remained un- 
changed over a 24-hr period. 


2. Determination of the Degree of Saturation 


After considerable preliminary investigation, it 
was decided that the moisture condition of a 
specimen could be deseribed best in terms of the 
amount of water in the specimen evaporable at 
230° F, relative to the amount of water that the 
specimen could contain when saturated in vacuum. 
This evaluation of moisture condition is termed 
“percentage of vacuum saturation” and was deter- 
mined in the following way: 

Immediately following the dilatometer tests each 
specimen was removed from the dilatometer and 
weighed. It was then heated in an oven at 230° F 
for a period of 24 hr, and weighed again. The 
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specimen was next placed in a container and cov- 
ered with a bell jar, which was then evacuated at 
about 4 mm of mercury for a period of 24 hr. At 
the end of this time, and while the specimen was 
still under vacuum, a sufficient amount of freshly 


distilled water was drawn into the container under 
the bell jar to cover the specimen. Twenty-four 
hours later the vacuum was released. After the 
specimen had remained immersed for an = addi- 
tional 6 days, it was removed from the container, 
wiped, and weighed. The percentage of vacuum 
saturation was then equal to: 
Wi— We 


sr 


where W, is the initial weight, We is the oven-dry 
weight, and Wy, is the vacuum saturation weight. 
These weights were determined to the nearest 
0.01 g. 

The percentage of vacuum saturation as herein 
defined is not presumed to represent an absolute 
value for the degree of saturation, inasmuch as the 
oven-dry basis for these determinations is sub- 
ject to question. The alternative, however, of 
drying in a constant temperature, constant humid- 
ity room required an inconveniently long period 
of time. Nevertheless, a limited number of speci- 
mens was dried at 70° +2° F and 50 +5-percent 
relative humidity for a period of 6 weeks or longer. 
The calculated percentage of vacuum saturation 
on the air-dry basis was about 5 percent lower 
than on the oven-dry basis, in the range 65 to 
SO percent of vacuum saturation. The values 
given in this report for the percentage of vacuum 
saturation represent, for each specimen, the upper 
limit for the true percentage of saturation. Ob- 
viously the percentage of vacuum saturation ts 
the true percentage of saturation only if the 
vacuum-saturation procedure completely fills all 
pores with water. 


3. Methods of curing 


The various specimen moisture cond:tions were 
brought about and maintained by several curing 
Following the inttial fog-room curing 
common to all specimens to the age of 28 days, 


procedures. 


the storage was as follows: 

1. Specimens to be tested in an air-dry condition 
were stored at 70° +2° F and 50 
ative humidity for periods of from 60 to 120 days 


+ 5-percent rel- 
prior to testing. 
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2. Specimens to be tested in the vacuum-satu- 
+ 2° F and 50 
-5-percent relative humidity for periods up to 
250 days and then vacuum saturated, as described 


rated condition were stored at 70° 


in the preceding section of this paper. The speci- 
mens were then maintained wholly immersed for 
as long as | vr before testing them. 

3. Specimens to be tested in a partially saturat- 
ed condition were subjected to either of two types 
of curing treatment: 

(a) Continuous immersion in water at 70° 
£2° F until the time of test, for periods of from 1 
to 12 weeks. 

(b) Storage in air at 70° +2° F and 50 +5- 
percent relative humidity for at least 45 days, 
followed by immersion at 70° +2° F for periods 
of from 1 week to 1 year. 

The values for the percentage of vacuum satura- 
tion calculated for the partially saturated speci- 
mens ranged from 75 to 85 percent for the plain 
specimens and from 65 to 75 percent for the 
aerated specimens. 


4. Types of Freezing and Thawing Treatments 


Freezing and thawing cycles of several types 
were obtained, within the 40° to —20° F range, 
in the following ways: 

1. Slow evele (32 hr or longer). The tempera- 
ture of the bath in which the dilatometer-specimen 
assembly was immersed was lowered stepwise from 
40° to —20° F in approximately 8 hr, held con- 
stant at —20° F for 16 hr or longer, and raised 
stepwise to 40° F in approximately 8 hr. 

2. Fast cyeles. In the I-hr fast eyele the 
dilatometer-specimen assembly, initially at 40° 
FF, was transferred to and allowed to remain in 
the —20° F bath for a period of 30 min. It was 
then retransferred to the 40° F bath, where it 
remained for an additional 30-min period. Figure 
t shows that 30 min was sufficient time for a 
partially saturated specimen to attain tempera- 
ture equilibrium with the bath. 

The interrupted fast evcle was similar to the 
l-hr fast evele, except that the dilatometer-speci- 
20° F bath for 
16 hr or longer, between the 30-min cooling and 


men assembly remained in the 


heating periods. 

3. Combined cycles. These eveles were ob- 
tained by combining a fast cooling with a slow 
heating, or a slow cooling with a fast heating. 
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Figure 4. Time-temperature relationship for a complete 
1-hour fast cycle. 


Temperature is that indicated at center of cross section of a partially satu- 
rated specimen. @, cooling; ©, heating. 


Another type of combination treatment was em- 
ployed in which a portion of the temperature 
range was traversed at one rate of cooling or 
heating and the remaining portion at a different 
rate. 

Other types of treatment employed, but which 
will not be discussed in the present report, con- 
sisted of moderate cycles in which the cooling or 
heating was done in two or more equal tempera- 
ture steps by the suecessive transfer of the dilatom- 
eters into a series of baths at appropriate tempera- 
tures. These cycles were used in the exploratory 
phases of the study that resulted in the selection 
of the slow eyele for special emphasis. The 
reasons for this emphasis will appear in the dis- 
cussion in which the effects of various types of 
treatment are compared, 

Some of the partially saturated specimens 
tested were subjected to all of the types of treat- 
ment described above, and others received a num- 
ber of eyeles of one type of treatment only. 


VI. Results and Discussion 
1. Air-Dry Specimens 


Volume-temperature relationships obtained in 
dilatometer tests of a plain and an aerated air-dry 
specimen are shown in figure 5, for successive slow 
and fast eyeles. The moisture condition of these 
air-dry specimens was determined to be approxi- 
mately 15 pereent of vacuum saturation. The 
relationships are uniformly linear and not signifi- 
cantly different in slope for the fast) and slow 
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In tests of other air-dry 
specimens, similar results were obtained. 


cooling or heating. 


The values for thermal coefficients of expansion 
obtained by this method for four air-dry speci- 
mens, are shown in table 6. The present dilato- 
metric method provided the conditions stated by 
Mevers [12] as necessary for valid determinations 
of the thermal coefficients of expansion of port- 
land cement pastes, mortars, and concretes. These 
conditions require that “the specimens must be 
either in an atmosphere of controlled humidity or 
enclosed in airtight containers that do not restrict 
the movements of the specimens.” 


2. Partially Saturated Specimens 


About three-quarters of the more than 50 speci- 
mens tested were in a partially saturated condi- 
tion. The data for four of these specimens, which 
were subjected to various types of freezing and 
thawing cycles, are presented in figures 6 to 9. 
Each graph gives the volume-temperature rela- 
tionship obtained for a single cycle. 

Partial or complete results for four additional 
partially saturated specimens are presented in 
figures 10, 12, and 14, in which only one type of 


cycle is presented in each figure. Figures 11, 13, 
and 15 illustrate similarities, differences, or trends 
in the volume-temperature behavior of specimens 
subjected to similar treatments; these data are 


taken from their contexts in figures 6 to 9. 
(a) General 


The data plotted in figures 6 through 9 show that 
in most cases, cooling caused the partially satu- 
rated specimens to contract, and heating caused 
them to expand. In contrast to the uniformity 
in results obtained for the air-dry specimens, these 
curves show discontinuities, points of inflection, 
and changes in slope in the volume-temperature 
behavior of the specimens during the progress of 
the various cycles. 

In addition, for most of the cycles shown, the 
volume of a specimen was greater at the end than 
residual” 


“ec 


at the beginning of a cycle, indicating a 
expansion. These residual expansions are ob- 
served to be cumulative when the volume-tem- 
perature curves are examined in relation to the 
zero ordinate on each graph, which represents the 
volume of the specimen at 40° F. at the start of 
the first evele. The cumulative effect is evident 
in a vertical displacement of the starting points 
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Fiegure 5. 


Volume-te mperature relationships for a slow and a fast cycle Jor two air-dry Specimens, P-13 (plain and 


A-13 (aerated). 


The thermal coefficient of linear expansion computed from these data was about 5.910°¢ per °F (table 6 Both specimens were 155 days old at the 
bevinning of the first eyvele and had been stored at 70° F and percent relative humidity for 125 days following the initial fog-room storage After test 
ing, the moisture condition of these specimens was determined to be 15 percent of vacuum saturation, @, Cooling; ©, heating 
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TanLe 6. Thermal coe ficients of cubical and linear expansion calculated from results of dilatometer tests of air-dry specimens 


Thermal coetlicient of 














Pime Specimen expansion Der dearee 
Specimen | Date | Temperature ft, | Yplume | Volume | S"Fahrenheit 
— tocover per degree men 
range Fahrenheit Cubical Linear ° 
I min ml ml 
fs i 2to W.3 0 0. OO595 336. 4 77x Ww “x10 
Hy 4.sto 30.5 425 TL ie 7.9 60 
04 w5to —-2035 w OO607 is. 1 60 
“oy WSte 39.0 wu) Oosg2 7 5. 
P-13 
7/12 W.7 to WO “ CO) Is. 0) if 
7/12 W.0to 40.3 nh) 006810 Is. 6.0 
7/13 #W.0to —191 w OO5US 17.8 4 
713 Witte 4.0 0 OOSGS8 17.8 9 
is W.2to —W.3 30 00508 435.3 7.7 vv 
oY 14.8.0 30.5 425 OO800 17.9 “0 
“ay 39.5 to —20.3 “) Gono 17.4 “0 
“¥ Ww. 3to 0 0 OO597 17.8 54 
A—18 
7/12 7 to —16.0 0 O80] Is.0 6.0 
7/12 WHOtoe 40.3 wu) O0801 Is.0 6.0 
713 1W.0to —191 wo OOSST W5 5S 
713 WI to w0 w aosTy 17.3 s 
11,12 7TLOto $3 we Oosu6 84.0 17.49 “oo 
ae | 113 5.3 to 42.0 ww aosu0 17.7 AY 
pat 11/13 2 Oto 6.7 oO OO5N4 17.5 s 
1/13 i.7to 7.2 10 asus 17.8 " 
11 12 71L.0to 3 #5 OO8O] 36. 1 17.9 60 
\ r 1113 5.3 to f2.0 wv OO5GS 17.7 5Y 
nw 52.0 to 6.7 0 Oud W.7 ” 
| 1s i.7to 70.2 410 OO5u6 W7 “ 


Computed as one-third of cubieal coefficient 


155 days old at start of tests: stored at 70°+2°F and 504-5 percent relative humidity for 125 days prior to test 


First four determinations computed from data shown in figure 5 


1 40 days old at start of tests; stored in fog room at 70°+2°F for 80 days from time of fabrication. totally immersed for 160 days at 70°+42°F,. and then stored 


ut 70° +2°F and 5045 percent relative humidity for 400 days 


ordinate. The total residual volume change for 


all specimens discussed are shown in table 7. 


(b) Description of the Volume-Temperature Relationships for 
the Various Types of Cycles 


Slow cycle. 
partially saturated specimens subjected to various 


As shown in figures 6 to 9, tests of 


types of cycles were started with a slow cvele. 
The general characteristics of the volume-tem- 
perature relationships for this type of evele are 
shown in figure 10 for the initial slow cycle given 
These 


specimens were approximately the same in degree 


to two partially saturated specimens. 


of moisture saturation but differed widely in age 
and curing, 

The specimens contracted uniformly during cool- 
ing at the start of the initial slow eyele to temper- 


atures as low as 21.5° F. This cooling and super- 
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cooling,’ is indicated by the line .AB in figure 10, 


A and B. At point B an abrupt increase in the 
temperature and volume of each specimen oc- 
curred, presumably as water within the pore strue- 
ture began to freeze. Maximum values for vol- 
ume and temperature (point ©) were attained 
The bath, dilatometer, and 
mercury surrounding the specimen remained at the 


within a few seconds. 


temperature to which the system had been cooled 
when freezing occurred, or slightly lower, so that C 
Usually within 15 
min the temperature of the specimen returned to 
equilibrium with the bath, and during this period 


was a point of nonequilibrium. 


the volume of the specimen decreased, as indicated 
in figure 10, by the location of point 7). 
was resumed when point J) had been observed, and 


Cooling 


* Supercooling as herein used is defined as cooling of a specimen below th 
freezing point of water without thereby inducing freezing of the water within 


the pore structure of the specimen, as indicated by volume changes. 


1] 








TABLE 7 


Effect of freezing and thawing cycles upon volume and elasticity of specimens for which volume-lemperature rela- 


tionships are presented in figures 5 to 16 


Percentage 


Speci 


Total 
residual 


Change in 


Number Young's 


: c ac ‘igure » 
men * Age ondition wee a of cycles volume | modulus | Figure in text 
aa change (dynamic) ¢ 
' 
| 
Days Percent Percent 
P-13 1 Air«iry 1s 5 0 4 
A-18 l i 15 5 0 4 
P-27 “ Partially saturated 7 15 +0. 100 27 6,11, 13,15 
4-27 w do 67 15 +. 040 11 7, 11, 13,15 
P-23 ™) lo SS 11 +. 135 M4 8,11, 13,15 
A-19 95 do 65 17 +. 065 13 9, 11,12 
P-tl wo lo rh 8 +. O85 7 ew 
Pr-26 7 do 77 Is +, O85 1 ew 
Pp-290 1» do sl 7 +. 040 17 12 
Poo 1») do 7s 7 +. 000 13 "4 
P-13 150 Vacuum saturated 1 1 +. 400 65 18 
A-18 i do loo 1 +. 310 “ 16 


* The specimens are listed in the order in which they appear in the discussion, 


mens by the letter A 


The plain specimens are designated by the letter P, and the aerated speci 


Changes were computed from determinations made prior to the start and 48 hr after the completion of the dilatometer tests, except for specimens P-13 


und A-18 


¢ Figure 10 shows only the first evcte 


was continued to the —20° F end point, except for 
necessary interruptions to obtain a sufficient num- 
ber of burette and equilibrium temperature read- 
ings to establish the nature of the volume-tem- 
perature curve. 

Holding the system at or near — 20° F overnight 
(16 hr) usually produced no appreciable further 
change in the volume of the specimen. In many 
cases 20° F could not be reached during the 
first 8 hr of the test because of mechanical difficul- 
However, it was found that the temperature 
20° F. during the night, 


ties. 
gradually decreased to 
and the volume indication obtained 24 hr after the 
start of the eyele produced a continuation of the 
curve obtained during the first 8 hr. 

Heating was begun about 24 hr after the start of 
the eyele. Figure 10 shows that the specimens 
increased uniformly in volume as the temperature 
Was and that the volume at any 
given temperature up to about + 20° F was some- 
what greater during heating than it had been 
A change in slope occurred in the 
heating curve above +20° F. A comparison of 
the relationships presented in figures 10, A and B 
(and also those shown for the initial cyeles in 
figures 6 through 9) shows that the manner in 
In the curve 


raised, also 


during cooling. 


which the slope changed varied, 


12 


For these specimens the second determination was made | week after the completion of the dilatometer tests 


shown in figure 10, A, the change in slope was 
sufficient to produce a sharp point of inflection, 
and at about 30° F the volume of the specimen 
A mini- 


mum value for the volume of the specimen in this 


decreased as the temperature increased, 


region occurred between 31° and 32° F when all 
ice within the pore structure had presumably 
following which the 
increased in volume as the temperature was raised 
to 40° F. The relationship in figure 10, B, 
showed only a gradual decrease in slope above 
20° F. Between 32° and 40° F the slope of the 
heating curve for each specimen was essentially 
the same as that of the initial cooling curves. In 
both instances the distance AF is a measure of the 
residual expansion. 


melted, specimen again 


Thermal contraction and “shrinkage” during slow 
cooling. An figure 
10, A and B, appears in the nature of the cooling 
that of the dis- 
continuity attributed to initial freezing at point 
(. In figure 10, A, the volume-temperature 
relationships preceding and following the dis- 
continuity are nearly parallel. Such relation- 
ships may be said to represent an idealized or 
expected behavior of moist porous materials dur- 
ing freezing. 


obvious difference between 


curves at temperatures below 
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Figure 6. Volume-temperature relationships for 12 freezing and thawing cycles of various types as obtained for the plain 
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partially saturated specimen P-2?. 


C yeles 1 and 8 were slow cycles; 2, 5, 6, 9, 10, and 14 were 1-hour and interrupted fast cycles; 7, 11, 18, and 15 were combined cycles of several kinds; and 
3, 4, and 12, of a type not discussed, are omitted, The specimen was 9) days old at the beginning of the first cycle, and had been immersed in water at 
70° F for 60 days following the initial fog-room storage. The moisture condition was determined to be 75 percent of vacuum saturation, This specimen 


decreased 27 percent in Young's modulus (dynamic, flexural) during the testing. ©@, Cooling; ©, heating, 


Volume Changes of Concrete, Frozen and Thawed 13 














+0.04 -> ! ! T T T T [> T T 1 T] *+0.04 





0.04 0.04 


0.08 0.08 


-0.12 
+0.04 


-0.12 
+0.04 




















0.04 0.04 





-0.08 0.08 


+0.08 














-0.12 
Tl 40.04 








0.04 


VOLUME CHANGE , %o 








0.04 0.04 





-0.08 


-0.06 | 
T T T T T +0.08 


+0.08 T T ! T 











0.04 0.04 





=} @ ~~ Os 
“= 
) Pa o 
Oo Ns 
+ os >= 
Co ta 





0.04 + ~ a L 0.04 


Cc 
-0.08 ' BC, /6Ar— -0.08 




















4 : st at pt mi i 
40 20 0) -20 40 20 °O -20 40 20 Oo -20 
TEMPERATURE ,°F 


-tem perature relationships for 12 Sree zing and thawing cycles of various types as obtained for the aerated 








I Gt RE y 3 Volume 
partially saturated specimen A-2?. 
Cycles | and & were slow cycles; 2, 5, 6, 9, 10, and 14 were l-hour and interrupted fast cycles; 7, 11, 13, and 15 were combined cycles of several kinds; and 3 
4, and 12 of a type not discussed, are omitted. The specimen was 90 days old at the beginning of the first cycle, and had been immersed in water at 70° f 
for @) days following the initial fog-room storage The moisture condition was determined to be 67 percent of vacuum saturation. ‘This specimen decreased 
1! percent in Young's modulus (dynamic, flexural) during the testing. @, Cooling; —, heating. 
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Volume-tem perature relationships for nine freezing and thawing cycles 


partially saturated specimen P. 


-20 40 


—23. 


20 Oo -20 


of various types as obtained for the plain 


Cycle 1 was a slow cycle; 3, 5, 6, and 8, were l-hour and interrupted fast eyeles; 2, 9, 10, and 11, were combined cycles of several kinds; and 4 and 7, of 


i type not discussed, are omitted Phe specimen was 80 days old at the beginning of the first cycle, and had been immersed in water for 49 days at 70° I 
following the initial fog-room storage. The moisture condition was determined to be 85 percent of vacuum saturation This specimen decreased 34 percent in 
Young's modulus (dynamic, flexural) during the testing and was found to be one of the least resistant among the specimens tested, @, Cooling . heating 
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Ficgure 9. 


Cyeles 


and 4 and 11, of a type not discussed, are omitted 


&-percent relative humidity for 45 days following the initial fog-room storage and had then been immersed in water at 70° ¥ for 20 days before testing. 


moisture condition was determined to be 65 percent of vacuum saturation. This specimen decreased 13 percent in Young's modulus (dynamic, flexural) 


during the testing 
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@. Cooling 


, heating. 


partially saturated specimen A-19. 


Volume-temperature relationships for 15 freezing and thawing cycles of various types as obtained fer the aerated 


land 14 were slow cycles; 2, 5, 6, 8, 10, 12, 13, and 16 were 1-hour and interrupted fast cycles; 3, 7, 9, 15, and 17 were combined cycles of several kinds; 
The specimen was 95 days old at the beginning of the first cycle 


It had been stored at 70° F and 
The 
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Relationships of the type shown in figure 10, 
B, however, were obtained for most of the par- 
Here the volume- 
temperature relationships preceding and following 
the initial freezing were notably different in 
slope. In the figures the linear relationship AB, 
obtained during the initial cooling, has been ex- 
trapolated to B’. It may be assumed that the 
line AB’ represents the volume-temperature be- 
havior of the specimen when freezing does not 
occur, or when a temperature range that does not 
include the freezing point of water is employed. 
Hence, the slope of line AB” represents the 
thermal coefficient of cubical expansion of the 
The relationship actually obtained, 
intersects and descends below the 


tially saturated specimens. 


specimen. 
Ck, however, 
extrapolated line, and the total contraction during 
cooling from +40° to —20° F 
greater than it would have been had freezing not 


appears to be 
occurred, Thus, the total volume change during 
cooling appeared to consist not only of the normal 
thermal contraction, upon which the abrupt ex- 
pansion caused by freezing (point (’) is super- 
shrinkage” factor. This 
factor appears to oecur solely as an effect of freez- 


imposed, but also of a 


ing, since it was absent in the results obtained for 
the air-dry specimens. The term shrinkage is 
used here to distinguish the effect from the purely 
thermal contraction, and not to imply that the 





mechanism by which it occurs is known. Thomas 
has [3] ascribed extra-thermal length contrac- 
tions, observed during the freezing of partially 
saturated other materials, to 
internal “drying”? that resulted when water was, 
in effect, “removed”’ by its conversion to ice. 


sandstones and 


Volume-temperature relationships for repeated 
slow eycles._In figure 11, the volume-temperature 
relationships for repetitions of the slow cooling 
are abstracted from their contexts in figures 6 to 9. 
Also shown are the slow cooling relationships for 
some of the The 
obvious point of variation among the relationships 
obtained for each specimen is in the temperature 
to which the specimen was cooled before the 


“combined” eveles. most 


initial freezing occurred. For slow coolings fol- 
lowing the first, it is seen that the amount of 
supercooling was notably reduced, i. e., freezing 
was apparently initiated at a higher temperature 
than in the first evele. An exception is noted for 
the fourteenth cycle shown in figure 9 for specimen 
A-19 and, more clearly, in figure 1i. | During the 
fourteenth cycle for this specimen, the amount of 
supercooling was as much as during the first evele. 
In all previous testing schedules the specimen- 
dilatometer assembly was maintained at 40° F 
between successive cycles, and the period of such 
storage never exceeded 72 hr. In this case, how- 
ever, a period of 5 days at 40° F intervened be- 
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Figure 10. 


Volume-temperature relationships for a slow cycle as obtained for two plain partially saturated virgin 


specimens of similar degree of saturation, but of considerably different ages and curing histories. 


Specimen P-11, which was 1 year old at the time of the test, had been stored at 70° F and 50-percent relative humidity for 60 days following the initial fog-room 


storage, and had been immersed in water at 70° F for 270 days before testing 


The moisture condition was determined to be 78 percent of vacuum saturation 


Specimen P-26, which was 37 days old at the time of test, had been immersed for 7 days at 70° F following the initial fog-room storage. The moisture con- 
dition was determined to be 77 percent of vacuum saturation. Specimen P-11, which decreased 37 percent in Young's modulus (dynamic, flexural) during 


eight cycles, was regarded as one of the least resistant of all the specimens tested 


@, Cooling; ©, heating. 
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Specimen P-26 decreased only 19 percent during 18 cycles of similar types 
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The volume-temperature relationships are removed from their contexts in figures 6 to 9 and plotted to a common origin for each specimen 


the evele appears with each curve 


tween the thirteenth and fourteenth  eveles. 
Otherwise, the evele was no different from preced- 
ng slow eveles. 

Volume-temperature relationships are presented 
in figure 12 for specimen P-29, which was sub- 
jected to seven successive slow eveles. The 
periods of storage at 10° F between cveles, or the 
“recovery times,”” were varied. The recovery 
times and temperatures to which each specimen 
was supercooled are shown in table 8 for the par- 
tially saturated specimens discussed in this report, 
including specimen P29.) About 100° hr = ap- 
peared to be a “eritical’ duration of recovery 
When this time 


) 


time for all specimens tested. 
was less than 100 hr, supercooling of from 1° to 


5° F occurred during the next cooling; when this 
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Volume-tem perature relationships for four partially saturated s pecimens during slow cooling. 


Phe number « 


? 


Phe relative extent of super-cooling may be noted with reference to the broken line, which is the 32° abscissa 


time exceeded 100 hr, supercooling Was Increased 


to from 7° to 10.5 
The critical duration was exceeded, among the 


F during the next cooling. 
ba - 


specimens listed in table 8, only for the specimens 
A-19, P-11, P-26, and P29. 
degree of supercooling, other than those appearing 


Variations in the 


to occur in relation to the critical recovery time, 
appeared to depend upon unknown factors, but 
not upon how greatly the recovery time exceeded 
or fell short of 100 hr. 

During the I-hr fast evele only 
The first 
and third readings were observed at 40° F at the 


Fast cycles. 
three burette readings were obtained. 


start and completion of the evele, and the dif- 
ference between them was the residual volume 
change. The intermediate reading was observed 
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Taste 8. Effect of “recovery time’ upon supercooling 
during slow and slow-fast cooling in partially saturatea 


specirmens = 


ye Cyek Cooling ee sos ha 
hr I 
| 1 Slow 20 
} 7 Slow -fast Lo 28.5 
P-27 s Slow 17.0 24.0) 
| 1 Slow -fast os 28.5 
1 Slow 70.5 2s. 5 
! Slow 22.5 
} 7 Slow -fast 3.0 2s. 5 
A-27 s Slow 17.0 0.0 
| 1 Slow-fast 0.5 2a. 5 
! Slow 05 2 
| 1 Slow 22.0 
P-2 2 Slow -fast 38.0 wo 
| 7) do O5 wes 
It Slow 70 wo5 
l Slow 2.0 
; Slow -fast Lo 28.5 
A \ ” Slow 20 wo 
“4 do 140.0 25 
17 do Lo 20.5 
| 1 Slow 24.5 
Poul Slow -fast Os 00 
| 4 Slow 170.0 24.5 
7 do 140.0 2.0 
l Slow ») 
| ' Slow-fast 0 27.0 
Po } ‘ Slow 10 ; 
ry do 5.0 7.0 
| WW do woo 22.5 
3 do 7TO.0 2.0 
1 Slow 22.0 
2 do HL 21 
4 do wo wo 
P-<8 4 do 120 24.0 
do 70 240 
' do mo 28. 5 
7 do 160 22 


* The specimens are listed in the order in which they are discussed in the 
text 
The eyeles omitted from this table were those in which the cooling was 


tor mederate, and in which supercooling could not be detected 


at 20° F, 30 min after the transfer of the dila- 
tometer from the 40° F bath. The data given in 
figures 6 to 9 show rather significant differences in 
the amount of contraction during the fast cooling, 
hot only among the various specimens, but also, 
for specimens P-27 and P-23, among the several 
fast evyeles administered to each specimen. This 
is shown more clearly in figure 13, where data for 
the fast coolings only are plotted. Specimens 
A 27 and A-19 show only a slight change in slope 
with repetitions of the fast cooling, whereas 
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specimen P-27 and particularly, specimen P23, 
show a marked change in slope. 

The interrupted fast cycle differed from the 1- 
hr fast evele only in the prolonging of immersion 
of the dilatometer in the —20° F bath for 16 hr 
or longer before retransfer of the dilatometer to 
the 40° F bath. At least one interrupted fast 
evcle was given to each of the specimens for which 
data are shown in figures 6 to 9. The data show 
that the specimens decreased in volume during 
the prolonged immersion at approximately — 20° 
F. The decrease in volume was found to continue 
at a gradually diminishing rate for several days 
for some specimens allowed to remain at —20° F 
for that length of time. 

Combined cycles. Data are presented in figure 
14 for a specimen subjected to seven successive 
fast cooling-slow heating cycles. These data show 
the previously described contraction at —20° F 
following the fast cooling, and the volume-tempera- 
ture relationship for the slow heating. The heat- 
ing curve for each cycle shows a change in slope 
beginning at a lower temperature than was indi- 
cated during the complete slow cycles shown for 
other specimens. This is indicated in figures 6 to 
9 for specimens receiving both types of eveles. 
Compare heating curves for cycles 1 and 8 with 
that for cycle 13 in figures 6 and 7; note also cvele 
11, figure 8, and eveles 7 and 15, figure 9. 

Volume-temperature relationships for a type of 
combined eyele in which the combination was 
reversed from that described in’ the preceding 
paragraph, i. e., a slow cooling-fast heating evcle, 
are also shown. Note eycle 15 in figures 6 and 7, 
cycle 10 in figure 8, and eveles 9 and 17 in figure 9. 
In each case there was a residual contraction at 
the completion of the evele, in contrast to the 
residual expansions shown for most of the other 
types of eveles. 

Also shown in figures 6 to 9 are volume-tempera- 
ture relationships for eveles in which ‘slow-fast” 
cooling was employed. The initial, slow-cooling 
portion of the relationship includes the diseon- 
tinuity attributed to freezing and ts, to this point, 
the same as the previously described slow cooling. 
This may be seen, for example, in eveles 7 and 11 
in figures 6 and 7. After the specimen returned 
to equilibrim following the discontinuity at point 
C, it was cooled in the remaining portion of the 
40° to —20° F range in one step, indicated by the 
broken lines DEL The similarity between this 
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fast cooling portion of the cycle and the cooling 
during a fast cycle for each specimen is obvious. 
To interpret the relationships obtained, it appears 
that some of the water in the pore structures of 
the specimens froze at point C and then additional 
water froze during the subsequent fast cooling. 
That all freezable water in a porous material does 
not freeze at the same temperature has been 
pointed out by a number of other investigators 
(3, 4, 14]. 

Comparison of various types of freezing and 
The data presented in figure 15 
volume behavior of three 


thawing cycles. 
show differences in 


when subjected to a sequence of 
These data are taken 


In figure 15 the starting 


specimens 
different types of cooling. 
from figures 6, 7, and 8. 

point for each curve (40° F) is drawn to coincide 
with an arbitrary “0” reference ordinate. The 
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Figure 12. 
partially saturated specimen P-29 subjected to seven slow cycles of 
freezing and thawing, showing effects of variations in 


mined to be Sl percent of vacuum saturation 
Young's modulus (dynamic, flexural) during the testing. @, Cooling; 


TEMPERATURE ,°F 


Volume-temperature relationships as obtained for plain 


“recovery 


Recovery time (time at 40° F), prior to cycles 3, 5, and 6 was approximately 16 hours. 
Recovery time prior to cycles 2, 4, and 7 varied from 111 to 136 hours. 
120 days old at the beginning of the first cycle, and had been immersed in water at 70 
F for 90 days following the initial fog-room storage. The moisture condition was deter 


This specimen was 


This specimen decreased 17 percent in 
, heating. 


sequence of treatments as given was fast, slow- 
fast, slow, and fast for each specimen. The 
slow and slow-fast coolings were accompanied 
by a minimum of supercooling. 

The relationships exhibit a pattern common to 
all partially saturated specimens subjected to 
successive cycles of different kinds. In each 
case the slow cooling (maximum rate of tempera- 
ture drop 10° F/hr) produced the largest con- 
traction, and the fast cooling (maximum rate of 
temperature drop 10° F/min at the center of a 
specimen) produced the smallest contraction. 

Although the volume behavior during repeated 
slow coolings showed no systematic variation 
when supercooling was a minimum (fig. 11), 
repeated fast coolings produced progressively 
smaller contractions in all but a few, aerated, 
specimens (fig. 13). 
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Figure 13. Volume-temperature relationships for four partially saturated specimens during repeated fast coolings. 


rhe volume-temperature relationships are removed from their contexts in figures 6 to 9 and plotted to a common origin for each specimen. The number 
of the cycle is designated by a numeral, Specimens P-27 and A-27, which were identical in age and curing history, were tested simultaneously in two 


dilatometers and followed identical testing schedules. 


That the gradual change in the condition of 
‘ach specimen, reflected by the decrease in 
contraction with repeated fast coolings, did not 
distort the pattern shown is indicated in figure 15. 
The sequence of treatments started and ended 
with identical fast coolings. In each case the 
differences in contraction for these two fast coolings 
were small in comparison with the indicated 
differences between successive treatments of 
different kinds. An examination of table 7 shows 
that the specimens for which data are shown 
in figure 15 are representative of the range in 
degree of saturation, and resistance to freezing 
and thawing as indicated by the decrease in 
dynamic Young’s modulus. 

There are indications in figures 6 to 9 and 12 
that, at least between 0° and —20° F, the volume 
of each specimen at a given temperature during 
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a slow cooling was an irreducible minimum. The 
final temperature decrement, /F, occurring in 
most cases over a period of approximately 16 hr, 
produced a continuation of the volume-temper- 
ature relationship without a significant change 
in slope. In contrast the specimens were shown 
to contract at constant temperature (—20° F) 
following a fast cooling. This contraction may 
have been similar to the shrinkage effeet (dis- 
cussed on page 17) observed in some of the 
partially saturated specimens during a slow 
cooling. That the shrinkage during slow cooling 
was not simply a decrease in strain, is indicated 
by the magnitude of the effeet, which greatly 
exceeded the maximum strain discerned in’ the 
discontinuity following supereooling. It was not 
possible, however, to distinguish between shrink- 
age and a decrease in strain in the fast cyele, 
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0.04 Figure 14. Volume-temperature relationships as obtained for a . 
partially saturated specimen P-30 subjected to seven combined 
4 fast cooling-slow heating cycles of freezing and thawing. 
= (7) C This specimen, cast from the same batch as specimen P-29 (fig. 12), was 120 days old at ' 
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because observations were made only for the 
extremes of the +40° to —20° F temperature 
range. A decrease in strain or relaxation phe- 
nomenon should be expected according to the 
hydraulic pressure hypotheses of Thomas {3}, 
Kennedy [13], and Powers [14]. These hypotheses 
attribute the disruptive force of freezing in 
porous materials to a hydraulic pressure produced 
ice front” 


“se 


by a movement of water ahead of the 
and generated by the expansion accompanying 
the freezing of water rather than to pressure 
developed directly from the growth of ice crystals. 
The occurrence of stress relaxation, however, 
would not preclude the occurrence of the shrinkage 
effect during a fast cooling. 

The observed differences in contraction of a 
given specimen when cooled in different ways 
were considered to be a measure of differences in 
strain. Considering the treatments that pro- 
duced the least contraction as most severe, the 
various types of cooling would rank, in the order 
of decreasing severity, fast, slow-fast, and slow. 

Although comparisons of cooling effects could 
be made by examining transient volume behavior, 
the effects of varving the rate of heating could not 
The end of the heating 
period, which completed a evele, usually resulted 


be similarly analyzed. 


ina residual volume change, measurable at 40° F. 
The residual changes (normally expansions) were 
usually small in comparison with the strains ob- 
served at —20° F, and reflected the effects of the 
complete evele, i. «., the effects of cooling as well 
Although the effeets of varving the 
rate of heating were not investigated as extensively 


as heating. 


as the rate of cooling, comparison of the slow and 
fast heating indicated that the slower treatment 
produced greater positive residual volume changes, 
other things being equal. Examples of this may 
be found in eveles 13 and 14, figures 6 and 7; the 
only difference between the treatments given 
occurs, in each case, in the rate of heating. 
Similar illustrations are cveles 7 and 8, and eyeles 
15 and 16 in figure 9. 

Examination of figures 6 to 9 indicates that ap- 
preciable residual contractions resulted only from 
the combination of the slow cooling (minimum 
supercooling) and the fast heating. The need for 
further study, to evaluate properly the relative 
effects of variations in the rate of heating is 


recognized. However, a tentative rating of the 
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complete eyeles, arranged in the order of increasing 
residual expansions, is as follows: 


1. Slow cooling *-fast heating. 
2. Slow cooling *-slow heating. 
3. Fast cooling-fast heating. 


4. Fast cooling-slow heating. 


Wide variations in the magnitude of residual 
expansions during repeated slow cycles appeared 
to be related to the previously discussed variations 
in supercooling. A slow cooling with a maximum 
of supercooling produced a larger residual expan- 
sion in a given specimen than a slow cooling in 
which supercooling was reduced to a minimum, 
other things being equal. In the fast cooling, 
however, the large initial temperature gradient 
probably prevented the appearance of the effects 
of supercooling. No general 
plicable to all specimens, of the effects of the fast 


comparison, ap- 


coolings and the slow cooling with a maximum of 
Among the speci- 
mens more susceptible to damage by freezing and 


supercooling, may be made. 


thawing, the fast cooling produced the larger 
residual expansions, whereas among less suscep- 
tible specimens the reverse was often true. In 
many cases, a slow evele with a maximum degree 
of supercooling produced about the same residual 
expansion as a fast cvele. 

It is recognized that a “swelling” as a result of 
thawing, corresponding to the shrinkage effect 
during freezing, may have confused the observa- 
tions. Such a swelling, resulting from one cycle, 
may have continued into a succeeding evele. It is 
believed, however, that such effects were not 
sufficiently large to vitiate the observed pattern of 
volume behavior. 


(c) Differences Among Specimens 


Ditherences between plain and acrated specimens 
The nondestructive dynamie determination of 
Young's modulus of elasticity, which is widely 
used in freezing and thawing studies, was used as a 
criterion of the relative “soundness” condition of 
specimens subjected to the dilatometer tests. 
The moduli were computed from values for the 
resonant frequency of flexural vibration, deter- 
mined prior to, and following the dilatometer 
tests. A specimen showing a decrease in dynamic 


Supercooling absent or reduced to a minimum 
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FE of 25 to 30 percent was considered to have 
“failed.” 

Most of the partuely Saturated specimens were 
tested in pairs (one plain and one aerated), in 
which both specimens received identical treat- 
ments. The different pairs of specimens, however, 
did not all receive similar treatment, and therefore 
only a composite analysis of specimen moisture 
condition and of the effects of the freezing and 
thawing treatments may be given. 


Plain Aerated 
Average percentage of vacuum 
saturation (10 pairs of speci- 
mens) 78 69 
Average percentage change in 
dynamic E 22 13 
Average percentage total resid- 
ual volume change + 0. 092 + 0. 043 


For each pair of specimens, the plain specimen 
was of a higher degree of saturation, decreased 
more in dynamic £, and increased more in volume 
than the aerated specimen. 

E-fheet of degree of saturation and type of curing 
upon volume-tem perature behavior. The differences 
in behavior between plain and aerated specimens 
of comparable age and curing were believed to be 
related to differences in degree of saturation. 
The values obtained for the percentage of vacuum 
saturation ranged from 75 to 85 percent for the 
plain specimens, and from 65 to 75 percent for the 
aerated specimens. In general, there was a 
difference of 10 pereent of vacuum saturation 
between plain and aerated specimens cured and 
tested in pairs. The four specimens for which 
data are presented in figures 6 to 9 are represent- 
ative of specimens in the range 65 to 85 percent of 
vacuum saturation, 

As seen in these figures, differences in the initial 
slow evele volume temperature relationships among 
different specimens did not appear to be related to 
differences in the degree of saturation. For ex- 
ample, there is little difference between the initial 
slow cycle relationships for specimens P-27 and 
A 27 (figs. 6, 7, and 11) despite the S-pereent dif- 
ference in the degree of saturation. In contrast, 
the slow-evele relationships shown in figure 10 for 
specimens P-11 and P-26 were notably different, 
but the specimens were of approximately the same 
degree of saturation. An examination of the data 
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shows no great differences in residual volume 
changes resulting from slow cycles given specimens 
of different degrees of saturation. Results of the 
type presented in figure 13 for the fast eveles, 
however, show rather large differences among spec- 
imens differing in percentage of vacuum satura- 
tion. These specimens were of comparable ages, 
but the curing of specimen A—19 included a drying 
period, whereas the others were continuously wet 
prior to testing. Specimen P-23 not only showed 
the least contraction during the initial fast cooling, 
but also showed the greatest change in the amount 
of contraction during repeated fast coolings. A 
relatively large expansion occurred during the fast 
cooling for the 11th and final cycle. The volume- 
temperature relationships for the last two eveles, 
as seen in figure 8, may be of interest in that they 
show the transient volume changes in a specimen 
definitely failing. 
cent in dynamic / during 11 cycles of freezing and 
thawing. 

An insufficient amount of data was obtained to 
allow a study of the effeet of type of curing on 
the transient and residual volume changes to be 
made. It can only be stated that type of curing 
and age of specimen appear to affect these changes 


This specimen decreased 34 per- 


for some of the types of eveles. 
3. Vacuum-Saturated Specimens 


Two specimens, P-13 and A-13, which were first 
tested in the air-dry condition (fig. 5), were then 
vacuum-saturated and immersed in water for 1 
vr. The vacuum-saturation procedure described 
previously was used to provide specimens for test 
with a maximum degree of moisture saturation 
Figure 16 shows the volume-temperature relation- 
ships obtained for these specimens during one slow 
cycle of freezing and thawing. 

The specimens decreased in volume uniformly 
as the temperature was lowered to approximately 

+25°F. Near this temperature, expansion, which 
was attributed to the beginning of freezing of water 
in the pores of the specimens, began and continued 
for about 30 min as the temperature of the bath 
was held at 25° F. During this time the temper- 
ature at the centers of the specimens first increased 
to about 31° F and then returned to equilibrium 
with the bath. When both the volume and the 
temperature of the specimens became stable, point 
(’ was observed. When cooling was resumed the 
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specimens showed additional increases in volume 
and at —25° F had not begun to contract. Such 
behavior indicated that not all of the freezable 
water in the specimen had been frozen at —25° F. 

The specimens showed additional increases in 
volume during heating to a temperature of approxi- 
mately + 16° F, after which, with continued heat- 
ing, they decreased in volume until point F, at 
31° F, Further heating produced 
increases in volume to point G. 


was reached. 














The volume-temperature relationships in figure 
16 are remarkable in indicating maximum transient 
increases in volume at —25° F of approximately 
0.80 percent for the plain, and 0.75 percent for the 
aerated specimen. Residual expansions were con- 
siderably smaller; 0.40 percent for the plain, and 
0.30 percent for the aerated specimen. Residual 
linear expansions, determined by means of a 
length comparator, were 0.12 percent for the plain 
and 0.11 percent for the aerated specimen, and 
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Figure 16. 


Volume-temperature relationships as obtained for specimens P-13 (plain) and 


A-13 (aerated), both vacuum 


saturated, subjected to a single slow cycle of freezing and thawing 


These specimens were 650 days old at the time of testing and had been tested in the air-dry condition at age 155 days (fig 
und were then returned to air-dry storage for 


the dilatometers for 35 days following the air-dry storage 


turated 
Young's modulus (dynamic, flexural) of 65 percent 1 week 


@. Cooling: 


, heating 


After completion of the tests it was found that 
mereury had penetrated the specimens to a limited 
extent, through several small spalls or ‘‘ popouts.” 
\ portion of the heating curves FG has therefore 
been corrected in each case by an amount equal to 
volume of which had entered the 


the mereury 


specimens. 


Volume Changes of Concrete, Frozen and Thawed 


lhey were then kept immersed in water at 70° F for 1 year before testing in the vacuum saturated condition. 
ifter the completion of the cycle, 


These specimens were 


an additional 70 days before being vacuum 
Specimen P-13 showed a decrease 


ind specimen A-15 showed a decrease of (0 percent 


agreed quite well with values obtained by dividing 
the indicated residual volume expansions by three. 
Several other specimens tested in the vacuum- 
saturated condition gave results of similar magni- 
tude. 

Other than the few spalls or popouts, there were 
no visible signs of disintegration in the specimens. 
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Determinations of Young's modulus of elasticity, 
before and after testing, however, showed the 


following changes: 


Specimen Specimen 


P-13 \-13 
Dynamic FE, before testing 6.3 10° 6.3 © 10° 
psi psi 
Dynamic F, 1 week after 2.2 10° 2.5 « 10° 
testing. pl ps! 
Change in dynamic F, 1 65% HO% 
week after testing. 

Dynamic FE, 1 vear after 5.5 = 10° 5.2» 10° 
testing. psi psi 
Change in dvnamie F from 13% 17% 
initial value, | vear after 

testing, 


Had the dynamic /) determinations been made 


immediately following the completion of — the 
freezing and thawing evele, the decrease may have 
exceeded 90 percent, on the basis of previous 
in dvnamie / in 
thawing 


saturated 


experience in the “recovery” 
subjected to freezing and 
Thus the vacuum 

specimens were, for practical purposes, destroved 
In this 
connection it may be pointed out that the moisture 


specimens 
treatments {15}. 


by a single evele of freezing and thawing. 


condition is one not normally attained in labora- 
tory specimens or in masses of concrete exposed to 
natural freezing and thawing. However, a fairly 
complete saturation may occur in top layers of 
horizontally exposed concrete surfaces. Under 
these conditions volume changes, as shown in figure 
16, would occur in the surface lavers and thus 
account for the familiar type of deterioration 


known as sealing. 


VII. Summary 


A detailed description has been presented of a 
mercury-displacement dilatometer for observing 
volume changes in moist, porous building materials 
during freezing and thawing. 

Results presented have been confined to repre- 
sentative volume-temperature relationships for 
small evlindrical specimens cast from a concrete 
of one-mix design (plain and modified by the 
addition of an air-entraining agent) and made 
with one brand of normal portland cement and 
Potomac River aggregate. 

The moisture condition of the specimens ranged 


from air-dry to vacuum-saturated. Most tests 
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were performed upon specimens in a_ state of 
partial saturation, attained during various curing 
periods. These specimens, when tested, contained 
from 65 to more than 85 percent of the total water 
that they were made to contain upon being oven- 
dried, evacuated, and resaturated following the 
freezing and thawing tests. 

The types of freezing and thawing cycles 
employed varied in rates of cooling and heating 
within the +-40° to —20° F range. 
included a slow evele, which required 32 hr, and 


These cveles 


a fast evele, which required 1 hr for completion. 

The volume changes for all specimens tested in 
the air-dry condition were directly proportional 
to changes in temperature and independent of the 
rate of temperature change. The slopes of the 
volume-temperature relationships obtained were 
measures of the thermal coefficients of expansion. 

The volume changes for the partially saturated 
specimens were generally not independent of the 
rate of temperature change, and showed depar- 
tures froma uniform volume-temperature relation- 
ship such as that deseribed for the air-dry speci- 
mens. These departures were believed to be 
effects of the conversion of water to ice (or ice 
to water) within the pore structures of the 
specimens. 

The immediate effect of the freezing of water 
was a distension, which appeared to be directly 
related to the rate of cooling in those cases in 
which supercooling was minimized or absent. 

Secondary effects of freezing were shrinkage and 
relaxation phenomena, which consisted of con- 
tractions in addition to the normal thermal con- 
traction of the solid volume of a specimen. 

The specimens usually showed a permanent 
“set” or residual expansion at the completion of a 
evele. The residual expansions for repeated 
eveles were cumulative. 

During slow cooling the pore water in a virgin 
specimen was apparently supercooled before it 
froze. The amount of supercooling diminished 
in succeeding repetitions of the slow eyecle, except 
that when the specimen was maintained unfrozen 
for a sufficient time after any cycle, supercooling 
in the following slow evele was again pronounced. 
There was no evidence of supercooling during the 
fast evele. 

Vacuum-saturated specimens subjected to one 
slow cycle showed distensions upon freezing, and 


residual expansions at the end of the eyele, more 
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than 3O times as great as the corresponding 
volume changes in partially saturated specimens 
similarly tested. According to accepted criteria 
for soundness, these specimens definitely would 
have failed during one evele of freezing and 


thawing. 
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Electrophoresis of Modified Collagen 


By James M. Cassel and Joseph R. Kanagy 


Electrophoretic studies were made on collagen samples that were modified by a variety 


of treatments. 


The isoelectric point of collagen heated at 140° C in air is pH 5.3, and that 


of collagen shrunken by heating in water is pH 5.2, as compared with pH 7.0 for the untreated 


CC yllagen. 


Deaminized collagen was isoelectric at pH 4.6. 


The isoelectric point of purified collagen was lowered by tanning with basic chromium 


sulfate solutions. Samples were tanned to contain 0.6-, 1.0-, 1.8-, and 2.5-percent of chro- 


mium expressed as chromic oxide. 


sample in which 1.8-percent of chromic oxide was fixed. 
collagen sample had only a small effect on the isoelectric point. 


and vegetable-tanned collagen were isoelectric at pH 3.2. 


A maximum shift in isoelectric point was observed with a 


Chrome tanning a deaminized 
A vegetable-tanned leather 


Chrome retanning a vegetable- 


tanned collagen did not affect its isoelectric point. 


The electrophoretic behavior of tanned collagen is compared with that of unstretched 


nylon. 


I. Introduction 


Electrophoretic techniques have been frequently 
used to investigate the properties of protein sur- 
faces. Excellent discussions and reviews of the 
general subject have been presented by Abram- 
son [1]? by Abramson, Moyer, and Gorin [2], 
and by Moyer [3]. 

Collagen contains a number of reactive groups 
capable of fixing acid and base. Undoubtedly 
these reactive groups play an important role not 
only in combining with acid or base but also in 
the combination that occurs with formaldehyde, 
tannins, and dyes. It was believed that some 
fundamental information in regard to the mecha- 
nism of these reactions might be obtained from an 
electrophoretic study. In a publication now in 
press [4] the authors have described the electric 
mobility measurements made on collagen samples 
It is the purpose of 
this paper to present similar measurements on 


prepared in various ways. 


collagen samples that have been modified by 
heating, water shrinking, deaminizing, protracted 
ball mill grinding, and by several tanning pro- 
CSSes. 


The tanning processes included vegetable, 


' Figures in brackets indicate the literature references at the end of this 
paper, 
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chrome, formaldehyde, and vegetable followed by 
chrome. 


II. Materials 


It was believed that a better understanding of 
the tanning mechanism could be obtained by 
tanning a material that had not been degraded 
and that contained for the most part pure collagen. 
For this reason collagen purified as recommended 
by Highberger [5] rather than commercial hide 
powder was used as a standard from which changes 
in electrophoretic characteristics could be esti- 
mated. With one exception the modified coliagen 
samples were prepared from this purified collagen. 
The exception was a sample of vegetable-tanned 
leather. 


III. Preparation of Modified Collagens 


Chrome-tanned samples prepared — by 


tanning collagen in solutions of several concen- 


were 
trations of basic chromium sulfate. Previous to 
tannage, the collagen was ground to a uniform 
particle size in a Wiley mill. Approximately 20 g¢ 
was then added to cold distilled water in a glass- 
stoppered bottle and allowed to soak overnight. 
The tan liquor was prepared by leaching a weighed 
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amount of the erude commercial form of basic 
chromium sulfate in water and filtering off the 
insoluble material. This liquor was transferred 
to the bottle containing collagen and water, and 
the chromic salt-collagen mixture was agitated 
for 24 to 30 hr, during which time no adjustment 
of pH was made. The tanned sample was thor- 
oughly washed in changes of distilled water, 
dehydrated in successive changes of alcohol and 
ether, and air-dried. Chromium was determined 
on the air-dried material by the perchloric acid 
method. 

A portion of deaminized collagen, prepared by 
the method of Thomas and Foster [6], was treated 
in the same manner as collagen with a basic chrome 
tanning solution. A determination of chromium 
by the perchloric acid method showed that 
deaminized collagen fixed 83°) percent as much 
chromium as did collagen when treated under the 
same conditions. 

Two types of vegetable-tanned materials were 
studied. These were commercially tanned leather 
and laboratory tanned collagen samples. The 
commercial leather was ground in a Wiley mill, 
degreased in petroleum ether, air-dried, and 
reground in the Wiley mill to pass a 60-mesh 
sereen. In the laboratory tannage, collagen was 
treated with two concentrations of chestnut tannin. 
Two 20-g¢ portions of collagen were soaked over- 
night in cold water contained in glass stoppered 
bottles. The chestnut extracts containing 20 
and 40 ¢ of tannin per 350 ml of water were added 
to the collagen water mixtures, and the contents 
were agitated 24 to 30 hr on a shaker. The 
materials were then thoroughly washed in distilled 
water and dehydrated in successive changes of 
aleohol and ether. They were then reground in a 
Wiley mill to pass the 60-mesh sereen, 

A vegetable-chrome tanned sample was _ pre- 
pared by treating a portion of the vegetable- 
tanned collagen with chrome-tanning solution 
according to the method previously described. 
The sample fixed 0.5-pereent chromium expressed 
as chromic oxide. 

Formaldehyde-tanned collagen samples were 
prepared by the method suggested by Highberger 
and Retzseh [7], with the exception that the 
material was washed thoroughly in changes of 0.1 
M > phosphate buffer before washing in’ several 
changes of distilled water. It was then dehydrated 
in aleohol and ethyl ether. 
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To determine whether the grinding action of a 
ball mill had any effeet on collagen, a sampk 
(previously ground in a Wiley mill) was pulverized 
to a fine powder in the ball mill. At various 
intervals, specimens were removed from the mill 
for mobility measurements. 

Water-shrunken samples were obtained — by 
heating collagen powder for 5 min in water at 
65° C. The material was dried by successive 
alcohol and ether extractions and then reground 
in the Wiley mill to pass the 60-mesh screen, 

The effect of exposing collagen to moderately 
high temperatures was studied by drying collagen 
samples in a Brabender moisture apparatus at 
140° C for 1 day and 4 days, respectively. The 
loss in moisture was followed with the built-in 
weighing mechanism of the oven. 


IV. Determination of Electrical Mobilities 


The electrophoresis cell employed in this work 
is the horizontal microelectrophoresis cell like the 
one used by Abramson [8]. A description of the 
technique to be used with this type of cell is given 
by Mover [9]. With the exception of the samples 
used in the study of the effect of the ball mill, the 
modified collagens were ground in a Wiley mill 
until the powder formed passed through a 60- 
mesh sieve. The powder was agitated in a buffer 
by using a Waring blendor, and after the large 
particles were allowed to settle to the bottom, the 
upper portion was decanted. The finer particles 
remained suspended in the liquid for several hours. 

The ionic strength of all buffers was 0.005. 
The buffer mixtures used were as follows: pH 2.4 
to 3.6, potassium chloride-hydrochloric acid; 
pH 4.0 to 5.6, sodium acetate-acetic acid; pH 6.0 
to 7.8 disodium phosphate-dihydrogen phosphate ; 
pH 8.0 to 9.2 boric acid-borax; pH 10.0 sodium 
hydroxide-boric acid-potassium chloride. — The 
specific resistance of solutions introduced into the 
cell was determined with a pipette conductivity 
cell and a conductivity bridge [9]. Two or three 
groups of measurements, each consisting of at 
least ten measurements of «' * ‘ -'ocities of the 
‘lected pH. 

All mobility measurement. ..ere made in a room 
at approximately 23° C, and the values were 
corrected to 25° C by applying a factor of 2 per- 


m4 ' 
particles, were made at eac 


cent per degree [9]. 
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V. Results and Discussion 


The results obtained by determining the pH- 
mobility curves for the collagens modified in 
several ways are presented, and their significance 
is discussed. 


1. Effect of Chrome Tanning 


The change in the isoelectric point of collagen 
caused by chrome tannage has been followed by 
Gustavson [10] and Theis [11]. In both investi- 
gations additional ions were introduced into the 
medium with the formation of a more complicated 
system than is expedient for such a study. In 
the present work collagen samples were tanned to 
contain 0.6-, 1.0-, 1.8-, and 2.5-percent chromium 
expressed as chromic oxide, and the tanning was 
done with no extraneous ions present. The pH- 
mobility curves are shown in figure 1 for the tanned 
and untanned materials. 

The isoelectric point of the untanned material 
is higher than the isoelectric point of any of the 
tanned samples. There are several possible 
mechanisms that would explain such a difference 
in isoelectric point. If the amino groups of the 
collagen were inactivated through combination 
with the complex chromium ions, the effect 
would be to make the net charge of the collagen 
more negative and result in a lowering of the iso- 
electric point. There is also the possibility that 
the complex chromium ions combine with the 
collagen in some other way so that highly negative 
charges are imparted to the protein surface with 
the net result that the isoelectric point of the 
product is lowered. 

In addition to these two possible mechanisms, a 
third has been suggested that proposes that the 
chromium combines with both amino and carboxyl 
groups [11]. Equivalent inactivation of both 
groups would lower the isoelectric point since the 
basic groups of the protein are supposedly stronger 
(12). Although such a mechanism would lower 
the isoelectric point, there is some doubt that it 
would cause the large shift from pH 7.0 to pH 4.2. 

The results shown in figure 1 indicate that a 
maximum shift in +.oeleetric point occurred with 
« sample that cor ‘ned 1.8-percent chromium 
expressed as chron... oxide. It is possible that 
the initial take-up of chromium (up to 1.8%) 
represents a different process than that which 
curs in the pick-up of additional chromium. 
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Effect of chrome tanning on the pH-mobility 
curve of collagen. 


Figure 1, 


, 0.0-percent Cr2Os; D, 0.6-percent Cr:03; ©, 1.0-percent CrrO3; X, 1.8- 
percent CrzOs; @, 2.5-percent Crz0s. 


It may be that initially the complex chromium 
ions, Which theoretically are present in both 
anionic and cationic form, combine predomi- 
nantly with the amino groups of the collagen. 
After approximately 1.8-percent chromic oxide 
has been fixed, combination with the carboxyl 
groups of the collagen begins to play a more 
important part. Such a mechanism of tanning 
would result in a minimum isoelectric point with 
a certain content of fixed chromic oxide. It may 
be pointed out that if initial combination does 
occur between the complex chromium ions and 
the amino groups, then fixation of 1.8-percent 
chromic oxide would mean that two equivalents of 
chromium are combined with one equivalent of 
amino nitrogen. 

Other results that have a bearing on the theory 
of chrome tanning are discussed later in this paper. 


2. Effect of Deaminization 


If a portion of the basic groups of collagen is 
removed by deaminization, the collagen should 
show a different and more acid isoelectric point. 
In figure 2 the pH-mobility curve of the deami- 
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nized material is compared with that of the un- 
treated collagen. 

The shift in isoelectric point to a lower pH 
(7.0 to 4.6) is quite pronounced. These results 
support the theory that deaminization removes a 
portion of the basic groups of collagen. 
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Effect of deaminization on the pH-mobility 
curve of collagen. 


Figure 2. 


, Untreated; @, deaminized; >, deaminized-chrome tanned. 


Thomas and Foster |6] located the isoelectric 
point of deaminized hide powder by the dye tech- 
nique between pH 3.7 and 4.2, which is a shift 
from the isoelectric point of 5.0 that they found 
for hide powder. Page and Holland [13] found 
that deaminized vegetable-tanned hide powder 
contained considerably less alkali resistant tannin, 
and they reasoned that it was the uncharged 
amino groups that were removed by deamini- 
zation. 

Stiasny [14] has suggested that the change in 
hide substance upon deaminization is not due to 
purely chemical modifications but may be attrib- 
uted to a change in its structure whereby the 
active surface has been decreased. However, in 
figure 2 that sharp slope of the pH-mobility curve 
in the isoelectric region indicates that the deami- 
nized material is as reactive as the untreated 
collagen, if not more reactive. 
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3. Deaminization Followed by Chrome Tanning 

In 1926, Thomas and Kelly [15] suggested that 
if the basic groups of collagen play a role in chrome 
tanning, their removal by deaminization should 
markedly affect the fixation of chrome. By 
deaminizing hide powder and then retanning with 
basic chromium sulfate solutions, they found con- 
siderably less chromium fixed by the deaminized 
hide powder than by the untreated hide powder, 
and they concluded that the basic groups of col- 
lagen played a significant role in chrome tanning. 
Gustavson |16] carried out similar studies and 
stated that the diminished acid-combining capac- 
ity of the structurally altered hide powder was 
responsible for the inhibition of cationic chrome 
fixation by deaminized hide powder. In_ the 
present study it was found that deaminized col- 
lagen fixed 83 percent as much chromium as did 
the untreated collagen. 

In figure 2 the pH-mobility curves of deaminized 
and chrome-tanned deaminized collagen are con.- 
with the mobility curve of untreated 
Treating the deaminized collagen with 


pared 
collagen. 
basic chrome tanning solution has resulted in a 
very slight change in isoelectric point from pH 
4.6 to 4.3. 
2, it will be observed that either deaminized col- 

treated to 


Comparing the data of figures 1 and 
lagen or untreated collagen, when 
contain 1.5-pereent chromic oxide, is isoelectric 
at pH 4.3. 

In figure 2 the very slight shift in isoelectric 
point caused by chrome tanning of deaminized 
collagen indicates that the charge of the chrome 
complex does not influence to any great extent 
the electrophoretic characteristics of the sample. 
This result greatly weakens the theory discussed 
in regard to the data of figure 1, which suggested 
that chrome tanning imparts highly negative 
charges to the collagen surface with the net result 
that the isoelectric point of the product is lowered. 
On the other hand the theory is strengthened that 
proposes that inactivation of the basic groups of 
collagen by the chrome-tanning solution is respon- 
sible for the large shifts in isoelectric point ob- 
served in figure 1. 


4. Effect of Vegetable Tanning 


In figure 3 the pH-mobility curves are shown 
for collagen tanned with two concentrations of 
chestnut tannin, and for vegetable-tanned leather 
that had been degreased. 
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pH 
Ficure 3. Effect of vegetable tanning on the pH-mobility 
curve of collagen. 


. Untanned collagen; >, vegetable-tanned collagen (1 g of collagen per 1 ¢ 
of tannin); DB. vegetable-tanned collagen (1 g of collagen per 2 g of tannin); 
vegetable-tanned leather; @, vegetable-chrome tanned collagen. 


The very close agreement in isoelectric point of 
the three samples leads one to believe that the 
dominant factor affecting the isoelectric point of 
vegetable-tanned material is the vegetable tannin 
itself This would be in agreement with the theory 
that from pH 2.5 to 14.0 the vegetable tannin 
particles are negatively charged [17]. Adsorption 
of the vegetable tannin by the collagen would 
then produce a surface dominated by the negative 
charges of the tanning material. One would not 
expect much change in the surface by doubling 
the concentration of tanning material. This 
theory of the tanning mechanism does not rule 
out chemical combination between the amino 
groups of collagen and the negatively charged 
tannin particles. Rather, it is believed that this 
does occur, but the adsorption phenomenon over- 
shadows this specific reaction. 

In attempting to retan vegetable-tanned col- 
lagen with basic chromium sulfate, only 0.5-per- 
cent chromic oxide was fixed. The results in 
figure 3 show that this fixation of chromium had 
no effect on the isoelectric point of the vegetable- 
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tanned collagen. The pick-up of the chromium 
has diminished the net charge on the surface in 
the extreme acid region. This again would in- 
dicate a surface that is predominantly that ex- 
hibited by vegetable tannin particles but which 
is altered slightly by the addition of the chrome- 
tanning material. 


5. Effect of Formaldehyde Tanning 


Tanning with 1-pereent formaldehyde at pH 7.8 
lowered the isoelectric point of collagen from pH 
7.0 to pH 4.6 (see fig. 4). 
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Figure 4. Effect of formaldehyde tanning on the pH- 
mobility curve of collagen. 


, Untanned; @, formaldehyde tanned. 


Since there is no reason to suspect, as in the 
case of chrome tanning, that the formaldehyde 
molecules would contribute to the net charge of 
the tanned product, we can be reasonably sure 
that the change in isoelectric point is due to in- 
activation of ionizable protein groups. In this 
instance, since the isoelectric point has been low- 
ered, the amino groups of collagen must be involved 
in the tanning action. This would agree with the 
majority of work that has been done on this 
subject [18], [19]. 


6. Effect of Protracted Ball Mill Grinding 


Curves 1 and 3 of figure 5 represent the pH- 
mobility data for two samples of hide collagen 
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that had been ground in a Wiley mill until the 
material could be sifted through a 60-mesh screen. 

The difference in isoelectric point of the ma- 
terials is attributed to the methods of preparation 
[4]. Curves 2 and 4 are for the two samples after 
they were powdered in a ball mill. The difference 
in the magnitude of the shifts of isoelectric point 
for the samples is probably due to the differences 
in time that the materials were ground in the ball 
mill (30 hr vs. 15 hr). 
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Ficure 5. Comparison of the pH-mobility curves of colla- 
gens ground in the ball mill and in the Wiley mill. 


Curve 1, sample A ground in Wiley mill; curve 2, sample A ground in ball 
mill for 30 hr; curve 3, sample B ground in Wiley mill; curve 4, sample B 
ground in ball mill for 15 hr 


A similar shift in isoelectric point to a higher pH 
is shown in figure 6, which represents data ob- 
tained by determining the mobilities of samples 
ground for different periods of time in a ball mill. 

Prior to pulverization in the ball mill, the 
collagen (ash content 0.1%) was isoelectric at pH 
6.3. The ash contents of the specimens removed 
from the ball mill after 4, 12, and 27 hr of milling 
were 1.8, 3.9, and 4.2 percent, respectively. The 
results of figure 6 show that the latter two speci- 
mens of high ash content were isoelectric at a more 
alkaline pH than either the unpulverized collagen 
or that milled for 4 hr. 

Cohen [20] has shown that dry grinding of 
numerous proteins produces definite irreversible 


changes in protein molecules. He found that 
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pH 
Ficure 6. Comparison of the pH-mobility curves of colla- 

gens ground for different periods of time in the ball mill. 

. Untreated; @, 4 hr; G, 12 hr; @, 27 hr. 
collagen yielded some water soluble protein after 
having been ground in a ball mill, and he con- 
cluded that dry grinding is a physical agent that 
produces changes that are associated with de- 
naturation. Routh [21] has pointed out that at 
the point of contact of the balls a large amount of 
energy as heat may be liberated and that this may 
be one of the factors influencing the changes pro- 
duced in proteins ground in this fashion. It has 
been shown that heat denaturation of soluble 
proteins, such as albumin, causes a shift in isoelee- 
tric point of these substances to a more alkaline 
pH [2]. In contrast to the shift 
point to higher pH observed with soluble protein, 
work reported later in this paper shows that ex- 
posure of collagen to rather high temperature 
actually lowers the isoelectric point. However, 
it is believed that some heat denaturation of the 
collagen occurs but that this denaturating effect 
is compensated for by another factor, namely that 
due to the presence of mineral ash. 

The increase in ash content of the collagen upon 
grinding in the ball mill is the result of a break- 
down in the surface of the porcelain mill. The 
ash adsorbed by the collagen is siliceous matter 
containing potassium, aluminum, and magnesium. 
Adsorption of these basic ions would shift the iso- 
electric point to a more alkaline pH. It is believed 
that the collagen sample ground 4 hr was de- 


in isoelectric 
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natured but adsorbed sufficient ash to compensate, 
and no change was produced in the electrophoretic 
characteristics of the product. As the grinding 
period is extended, the effect on the electrophoretic 
characteristics, due to the increased ash content, 
overbalances the effect due to denaturation, and 
the isoelectric point is shifted to a more alkaline 
region. 


7. Effect of Heating 


In figure 7 the pH-mobility curves of collagen 
samples that have been heated in air and water are 
compared with the mobility curve of untreated 
collagen. 
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Figure 7. Comparison of the pH-mobility curves of un- 
treated, water shrunken, and dry heated collagen. 


, Untreated; >, dry heated; @, water shrunken. 


From the results of Weir's work on the shrinkage 
of kangaroo tendon [22], it was estimated that 
collagen powder would be completely shrunken 
after 5 minutes’ exposure to water at 65° C. 
Astbury [23] has postulated that the thermal con- 
traction of collagen is an example of the capacity 
of polypeptide chains to shorten by intramolecular 
folding. This collapsing of the chains upon them- 
selves produces a change in the surface of the 
material. It is this change of purely a physical 
nature that is believed to be responsible for the 


shift in isoelectric point observed in figure 7. 


Electrophoresis of Modified Collagen 





Abramson, Moyer, and Gorin [2] have pointed out 
that changes of a physical nature in a substance 
may lead to a decrease or increase in the adsorp- 
tion of ions from a buffer medium and thus result 
in a marked shift in isoelectric point. It should 
be observed that the surface of the shrunken col- 
lagen is apparently very similar to that of gelatin, 
for the isoelectric point of gelatin made from puri- 
fied collagen by heating in water at a high tem- 
perature is at pH 5.0 [24]. 

In figure 7 the mobility curve of dry heated 
collagen represents data obtained from a sample 
heated 1 day at 140°C. A portion of this sample 
was heated an additional 3 days at the same tem- 
perature, but no change in the electrophoretic 
characteristics of the material was observed. 
The weight loss of the collagen per 1 and 4 days 
was 19.0 and 19.6 percent, respectively. This 
loss in weight would indicate that more than mois- 
ture had been removed and that an actual break- 
down of the sample had begun [25]. It is believed 
that the lower isoelectric point of the treated 
sample is the result of local shrinkage and that the 
surface of these collagen fibers resembles a great 
deal the surface of the collagen fibers that have 
been shrunken in water. 


VI. Comparison of Tanned Collagen and Nylon 


One pertinent fact obtained by viewing the data 
is that the isoelectric point of many of the altered 
collagens was between pH 4.2 and 5.0. The fairly 
consistent change in isoelectric point to this pH 
region may be in some manner related to the 
structure of the collagen. Harris and Sookne 
[26] showed that the polyamide nylon, which has 
the following type of structure: 


CO—R—CO— NH—R'— NH—CO— R— 
CO—NH—R'—NH_-, 


where R and R' may represent 4 and 6 methylene 
(—CH,—) groups, had an isoelectric point at pH 
4.0. Nylon does not contain side chains with 
active basic or acidic groups. The amphoteric 
character of the polymer is attributed to what 
Harris and Sookne called amide groups but which 
are also known as peptide groups. If, during 
tanning, the free acid and basic groups of collagen 
were inactivated, the structure that remains is 
essentially similar to that of nylon, and such a 
material would be isoelectric near pH 4.0. Appar- 
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ently in the case of vegetable tanning, fixation 
of tannin particles builds up a high negatively 
charged surface with the result that the isoelectric 
point is even lower than that shown by the nylon 
type structure. 
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Infrared Absorption Spectra of Cyclo-Hydrocarbons 


By Earle K. Plyler and Nicolo Acquista 


The infrared absorption spectra of 19 hydrocarbons have been measured in the 3.4- 


micron region, and the location of the two CH, vibrations has been determined. The vibra- 


tions occur at 2,854 and 2,927 em— for the methyleyclohexane and 2,866 and 2,952 em-— for 


the methyleyclopentane. For cyclohexene the wave numbers of the bands are 2,845 and 


2,934 em-—', and for cyclopentene they occur at 2,853 and 2,959 em-—', 


The region from 2 to 4 microns has been measured for methyleyclohexane, ethyleyelo- 


hexane, cis-1,2-dimethyleyelohexane, trans-1,2-dimethyleyclohexane, and the corresponding 


cyclopentanes. Also, the spectra of cyclohexene and cyclopentene have been measured 


from 2 to 4 microns. The near infrared bands of methyleyclohexane, methyleyclopentane, 


and ethyleyclopentane have been classified as fundamentals and as combinations of long 


wavelength bands. 


I. Introduction 


The infrared absorption spectra of hydrocarbons 
have been measured for the purpose of identifica- 
tion by means of characteristic bands. Also, such 
data are useful as a measure of the purity of com- 
pounds. There have been some investigations in 
narrow regions of the spectrum, for example from 
| to 2 w, to see if the differences in the spectra of 
various types of hydrocarbons were sufficient for 
identification. Liddel and Kasper [1]! were able 
to show certain changes in the spectra of groups 
such as the aromatie and aliphatic compounds in 
the regions of 1.1 and 1.7 w. They found that 
primary, secondary, and tertiary linkages seemed 
to change the position of certain bands. There 
was some indication in their studies that the 
manner in which the CH, and CH; groups were 
arranged could be ascertained from the spectra. 
Rose [2] measured the absorption of 19 hydrocar- 
bons in the near infrared, 9 of low molecular weight 
(Cy to Cy) and 10 of high molecular weight (C2, 
to Cy). It was assumed by Rose that each CH, 
CH,, and CH; group in the molecule would make 
a fixed contribution to the absorption in a band. 
By measuring the amount of absorption for a 





' Figures in brackets indicate the literature references at the end of this 
paper, 
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given hydrocarbon, the number of groups in each 
configuration could be determined. Experimen- 
tally he found that isomers did not have the same 
amount of absorption in the 1.7-« region and that 
the assumption was not valid. Although the 
absorption of the 1.7-4 band, which is the harmonic 
of the CH stretching vibration at 3.4 4, may 
roughly be considered independent of the molecule 
as a whole, the position and intensity of this band 
is somewhat influenced by the structure of the 
entire molecule. 

Fox and Martin [3] investigated the absorption 
of several hydrocarbons in the region of the 3.4 u. 
They were interested in the absorption of the CH, 
groups in different types of molecules such as 
benzyl alcohol, dioxane, and cyclohexane. The 
results showed that the CH, groups usually give 
rise to two bands in the 3.4-4 region and the CH 
groups produce one band. However, in some 
molecules, for example dioxane, there was an in- 
teraction between groups that gave rise to several 
bands. Fox and Martin also studied ethylene and 
showed that the CH, groups in that molecule had 
absorption bands in the 3.4-~ region that were 
similar to the bands of the larger molecules con- 
taining CH, groups. In molecules that have only 
CH, groups, the two bands were produced by the 
CH valence vibration with the hydrogens in and 
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out of phase. In cyclohexane, which has several 
CH, groups, the number of bands observed at 
3.4 w may be greater than two on account of inter- 
actions between the groups. The way in which 
the CH, group is linked in the molecule may pro- 
duce changes in the location of the band. How- 
ever, the mass of the other part of the molecule 
has small effect on the position of the two bands 
of the group. Molecules, which are not hydro- 
carbons but contain the CH, group, also have two 
bands in 3.4-u region. The formaldehyde mole- 
cule has vibrations with smaller wave numbers 
than those found for CH, groups in hydrocarbons, 
but in fluorene, (C,;H,)), the wave numbers for 
the CH, groups are larger. This indicates that 
the binding forces in neighboring groups of the 
molecules have some effect on the vibrations ob- 
served in the 3.4- region. 

The results that have just been described do not 
take into consideration the contribution of har- 
monic and overtone bands in the region of 3.4 x. 
By measuring the region from 2 to 4.5 « with good 
resolution, many bands of low intensity may be 
observed. The spectrum in this region may be 
sufficient for identification of the hydrocarbon, 
because some of the overtone bands will include 
the long wavelength bands that are commonly 
used for distinguishing one hydrocarbon from 
another. 

The present investigation is primarily concerned 
with the absorption spectra of some cyclopentanes 
and cyclohexanes in the 3.4-u region. The spectra 
of cyclopentene, cyclohexene, and some benzene 
derivatives have been measured for comparison 
with the other hydrocarbons. Two isomers, cis- 
1,2-dimethyleyelohexane and trans-1,2-dimethyl- 
evclohexane have been studied in the region from 
2to 4 u. 


II. Experimental Results 


A Perkin-Elmer infrared spectrometer with an 
LiF prism was used for the resolving instrument. 
All the substances measured were standard sam- 
ples of the National Bureau of Standards. Two 
cells, 0.05 and 0.2 mm in thickness, were used for 
measuring the liquids. For the region of 3.4 yu, 
the hydrocarbons were diluted in CCl, so that an 
equivalent cell thickness of 0.0017 mm was ob- 
tained. Preliminary experiments showed that 
this was a suitable thickness of the material for 
resolving the main components of the band. It 


38 


was also of importance to check whether any 
changes were brought about by the measurement 
of the hydrocarbons in solution rather than in the 
pure state. In order to make this comparison a 
small amount of the liquid was put in a cell, and 
then the cell was tipped so that the liquid formed 
a film over the inside surfaces of the cell. As the 
cell was of the closed type, the film did not evap- 
orate rapidly, and the region from 3.3 to 3.6 u 
could be measured under fairly constant condi- 
tions. The cell was only 0.05 mm in thickness, 
and the saturated vapor would contribute very 
little to the total absorption. 

In figure 1, a is shown the absorption bands of 
diluted methyleyclohexane and in figure 1, b the 
absorption bands of a film of liquid methyleyclo- 
hexane. The comparison of a film of the liquid 
with a dilute solution of the same substance was 
made for several compounds. It was found that 
the wavelengths of the two major compounds 
checked in the two cases to better than 0.01 gu. 

The spectra of methyleyclohexane and ethy!l- 
cyclohexane are shown in figure 2. The two main 
components of the band at 3.415 and 3.508 uv check 
closely in position for these compounds, but there 
is a difference in intensity. The region from 2.5 
to 2.85 uw is represented by a broken line. On 
account of the water vapor in the air path and 
an absorption band in the prism at 2.78 yw, bands 
of low intensity could not be accurately measured 
in this region. The presence of the methyl group 
in one molecule and the ethyl group in the other 
molecule produces changes in the spectra of the 
2- to 4-u region. This makes it possible to readily 
distinguish these two compounds from each other. 
The wavelengths of the observed bands are given 
in table 1. 


TABLE 1. Location of infrared absorption bands in the 


region from 2.2 to 4.2 microns 


Wavelength as pe Wavelength ates ya 


i 


Methyleyclopentane 


“ cm~' “u cm-| 
2. 287 4,373 * 3. 387 2, 952 
2. 305 4, 338 * 3. 489 2, 866 
2. 327 4, 297 3. 663 2, 730 
2.416 4, 139 3. 707 2, 698 
246 4,075 3. 807 2, 627 
3. 060 3, 268 | 3. 857 2, 593 


3.140 3, 185 4.070 2, 457 
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Wave num- Ww 
ber 


Location of infrared absorption bands in the 


avelength Wave num- 














ber 
Ethyleyclopentane 
“ cm! “ cm 
2. 292 4, 308 * 3.385 2, 956 
2.331 4,200 «3.489 2, 866 
2. 422 4,129 3. 655 2, 736 
2 456 4,072 3.778 2,47 
3.000 3, 333 3.816 2, 621 
3. 158 3, 167 4. 038 2, 476 
cis-1,2-Dimethyleyelopentane 
2. 268 4, 409 « 3. 487 2, S68 
2. 297 41,354 3. 655 2, 736 
2.317 4, 316 3. 678 2,719 
2. 397 4,172 3.725 2, 685 
2.451 4, O80 3. 768 2, 654 
3.081 3, 200 3.814 2, 622 
3.143 3, 182 3.853 2, 505 
® 3.382 2, 957 4.0382 2, 480 
4. 132 2,420 
C yclopentene 
2. 284 4, 380 *3.4500 
». 322 4, 306 * 3. 505 
+. 031 3, 299 3. O15 
+. 006 3, 229 3. 665 
« 3. 200 3, O87 3. 795 
* 3. 380 2, 959 3. 805 
* 3.415 2, 92s 
frans-1,2-Dimethyleyclopentane 
2 268 4, 400 * 3.145 
2. 308 4,542 « 3. 387 
2. 326 4,200 3. 489 
2. 346 4, 23 3.617 
2. 397 4,172 3. 04 
24h 4,075 3.704 
2 486) 4,023 4 805 
+0068 3, 327 3. 873 
+. 080 3, 21 4.078 
4.156 
Methyleyclohexane 
2. 300 4,348 “3.504 
2. 337 4, 279 3. 579 
2.390 4, 1s 3. 669 
2. 422 4,129 3. 696 
2.44 4,075 3. 751 
2.483 4, 027 3. 778 
2. SAT 3, 404 3, 839 
2. OST 3, 348 3. 889 
3. 057 3, 271 5. 920 Sf 
3. O78 3, 249 3, 986 2, 509 
3. 162 3, 168 4.027 2, 485 
$. 240 3, ORS 4.0% 2, 468 
* 3.416 2, 927 4.122 2, 426 
4.170 2, 398 


* Values determined from observation in CCh. 
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region from 2.2 to 4.2 microns 


Ethyleyclohexa 


Cyclohexene 


Wavelength 


4 


746 


4, 348 3. 5 
4,316 *3.515 
4,2M4 3. 595 
4,19 3. 635 
4, 128 3. 657 
4, 023 3. 680 
3, 957 $. 720 
3, 388 3.751 
4,310 3. 778 
3, 216 S819 
3, 089 3.873 
3, 085 3. 046 
2, 034 3.978 
2, 807 4.034 
cis-1,2- Dimethyleyclohexane 


trans- 


4, 409 3.639 
4, 352 3. 667 
4, 281 3.714 
4, 1s4 3.753 
4, 090 3.880 
4, 082 3.845 
3, 206 3. 907 
$5, 244 3.044 
2,959 3.905 
2, 926 4.048 
2, 869 4. 107 
2,854 
1,2-Dimethyleyclohexane 


4, 359 
4,279 
4, 189 
4, 156 
4,117 
4, 077 
4, 037 
3,479 
3, 375 
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In figure 3 the spectra of two isomers, cis- 
1,2-dimethylevelohexane and trans-1,2-dimethyl- 
evyelohexane are shown. The spectral region 
from 3.0 to 4.2 u is sufficient to show differences 
in the combination bands of these materials. 
However, the spectra from 3.35 to 3.55 yu, curve 
a, are almost alike. These compounds have been 
measured [4] with a rock-salt prism from 2 to 15 gu, 
and several of the bands in the 7- to 15-u region 
may be used for identification. With the lower 
resolution of the rock-salt prism in the 3- region, 
many of the low intensity bands are not observed. 
The results obtained with an LiF prism are more 
accurate in near infrared region. 

In figure 4 the comparison of the spectra of 
methyleyelopentane and ethyleyclopentane — is 
shown. The two CH, vibrations are well defined 
at 3.38 and 3.49 uw, and the vibration with greater 
wave number has a greater intensity. The two 
insert curves, a, from the two compounds are 
The CH, vibrations in the eyelopentanes 
are located at shorter wavelengths than are 
observed in the eyelohexanes. The change in 
wavelength, about 0.03 4, is sufficient 
tinguish between these groups of compounds. 
The general pattern of the spectra from 2 to 4.2 
w is the same for methyleyclopentane and ethyl- 
evelopentane, but a difference in the position of 
the small bands can be observed. The list of the 
bands observed for these two compounds is given 


similar. 


to dis- 


in table 1. 

The spectra of e/s-1,2-dimethyleyelopentane and 
trans-1,2-dimethyleyclopentane are shown in fig- 
ure 5. The spectra of the two dimethyleyelo- 
pentanes are different from each other and from 
the methyleyclopentane. The two CH, bands in 
the region of 3.4 yw overlap the two stretching 
vibrations of the methyl groups, and these bands 
cannot be resolved as was done in the spectra 
of the methyleyclohexanes. The two CH, vibra- 
tions have wave numbers of 2,957 and 2,868 
em! for the es compound, and 2,952 and 2,866 
em”! for the trans compound. The locations 
of the bands in the 2- to 4-u region are listed in 
table 1. 

In figure 6 the spectra are shown of cyclohexene 
and eyelopentene. The absorption bands are 
listed in table 1. These molecules have one CC 
double bond and two CH groups. The CH vibra- 
tions produce the strong band at 3.26 uw in the 


spectrum of cyclopentene. In figure 7 the 3.4-u 
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region is shown in greater detail, and the CH 
vibration for cyclohexene falls at 3.30 yu. The 
CH, vibrations of cyclohexene occur at longer 
wavelengths than the vibrations of cyclopentene. 
Cyclohexene vapor shows intense bands at 3.42 
and 3.52 yu. These values correspond closely 
with the wavelengths observed for the solution. 
Almost all of the bands observed in the vapor 
have P, Q, and R branches, and with low resolu- 
tion it is difficult to determine the center of the 
band. 

In figure 8 a comparison is made of the absorp- 
tion spectra of methyleyclopentane, trans-1,2- 
dimethyleyclopentane, and cis, cis, trans-1,2,4- 
trimethyleyclopentane. The two main bands at 
3.385 and 3.49 uw occur nearly in the same position 
for the three compounds, but the small bands 
between these two become more pronounced as 
the number of methyl groups increases. 

In figure 9 the observations for the 3.4-« region 
are represented for eight hydrocarbons. The 
spectrum of isopropyleyclopentane does not show 
the small bands that are present in isopropyley- 
clohexane. This is caused by the overlapping 
of the CH, bands, which occur at shorter wave- 
The other six hydro- 
benzene 


lengths in eyclopentanes. 


carbons show the contrast between 


Taste 2. Location of infrared absorption bands in the 
region from 3.2 to 3.6 microns 


(Values determined from observations in CCl 


Wave- Wave Wave- Wave Wave- Wave 
length number length number length number 
lsopropyleyclopentane n-Butyleyclohexane ter-Butylbenzene 
a cm “ cm “ cm~* 
3. 387 2, 952 3. 3™4 2. 055 3. 205 3. 008 
4am 2805 3.4258 2. 921 3. 308 3. 02S 
3. 48s 2. 867 3.374 2. WH 
3. 509 28%) 3.411 2, W882 
lsopropy leyclohexane 3. 495 2 861 
sec-Butylbenzene 
3. 384 2. 955 ter-Butyleyclohexane 
3. 422 2. 922 
3. 406 2504 3. 302 3, 028 
3. 510 249 3. 376 2. 2 3.412 2. 431 
3.418 2. 926 3.210 2g 
34M 2. 870 


n-Butylbenzene 
cis-cis-trans-|,2,4- 


sec-Butyleyciohexane Trimethyleyclo- 


3. 242 3.04 pentane 
3. 204 3, 04 

3.304 3, 027 3.378 2. 900 

3. 382 2. 957 3.419 2, 925 3. 386 2.953 
3.416 2. 927 3.484 2.870 3.418 2. 926 
3. 48S 2. 80s 3. 50s 2.851 3.450 2. 500 
4. SOS 2.855 3. 480 2. S88 
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derivatives and cyclohexane derivatives. The 
three cyclohexanes, n-butyl, sec-butyl, and tert- 
butyl are much alike in their spectra. The 
three butyl benzenes show marked contrasts in 
their spectra. The benzenes are less absorbing 
in this region than the cyclohexanes, and it is 
possible to see the effect of the butyl compounds 
more readily. The band at 3.30 u is characteristic 
of the CH vibration and does not appear in the 
cyclohexane derivatives. The positions of these 
bands are listed in table 2. 


III. Discussion of Results 


The experimental results that have been ob- 
tained show that the wavelengths of the two CH, 
stretching vibrations are influenced by the type 
of the molecule in which they are included. For 
example, in methyleyelohexane the two bands are 
located with wave numbers 2,854 and 2,927 
cm~', whereas the corresponding bands for methyl- 
evelopentane have values 2,866 and 2,952 em“. 

These changes in the positions of the bands in 
the cyclopentanes and evelohexanes are produced 
by differences in the skeletal structure. Eight 
cyclohexanes have been measured in the 3,200- 
em”! region, and the positions of the two bands 
vary about 4 em or less from each other. This 
is almost within experimental error, which is about 
2em"'. With higher resolution, no doubt, changes 
in their positions could be detected, but with a 
prism instrument it would not be feasible to use 
these bands as a method of distinguishing one 
evelohexane from another. 

Six eyclopentanes have been measured, and the 
values for the two CH, vibrations fall at about 
2.866 and 2,952 em™'. There is little variation 
from these values by any of the compounds. 
Because of the presence of CH; groups, there are 
other bands in the 3.4-~ region. In some cases the 
CH, bands may fall on the side of the CH, bands 
and cause a slight change in their position. The 
CH, vibrations in the evclohexanes occur at longer 
wavelengths than in the evclopentanes. The CH; 
bands are not entirely overlapped in methyleyelo- 
hexane and can be observed at 2,952 and 2,872 
em", 

In addition to CH, CH,, and CH, stretching 
vibrations, which occur in the 3.4-~ region, there 
are combination bands that are located in this 
region. Twenty-seven bands have been observed 
in the spectrum of methyleyclohexane in the region 
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from 2.25 to 4.50 uw. In the region of 3.4 uw the 
intense bands probably mask low intensity bands. 
The classification of the bands in this region has 
been made by the use of the observed wavelengths 
of the methyleyclohexane spectrum [4]. The re- 
sults are tabulated in table 3. Several strong 


Taste 3. Combination bands in the near infrared of 
meth ylceycloherane 


Wave number Wave 
Term ————-|  Jength 
Calculated Observed cnerees 


cm-' cm- 





“ 
"1 442 22.00 
"2 AT 18. 29 
v “ory 16. 48 
“4 M4 11. 86 
; S72 11.47 
ve v10 10. 99 
’ wT 10. 34 
ue 1,098 9.15 
vite 1,049 1, 033 9. 6s 
ve 1, 167 &. 57 
’ 1, 248 &. 01 
7 1, 285 1, 263 7.92 
+? 1,314 1, 305 7. 6 
++ 1, 352 1, 46 7.43 
+H 1,300 1, 304 7.33 
aT 1, 376 7.27 
1, 458 6. 86 
2 1, 820 1,709 5. 6 
vite 1, 818 
+e 1, 923 iw 5. 26 
vr teyts 1, 921 
+1 2. 089 2. 016 4.06 
vite 2.194 2,125 4.71 
vi tert 2, 195 2, 174 40 
vere 2, 286 2, 28 4.41 
+rr+e 2, 281 
ea 2,425 2, 308 4.170 
+e 2,425 ° 
trot 2, 445 2, 426 4.122 
2 2, 496 2. 485 4.027 
vote 2. 2,605 3889 
riot 2 
vitesse 2. 2.07 3.751 
as eat 2. 2, 7065 3. 606 
Zr 2, 2, 726 3. 080 
vitvete 2.810 2, 704 . o7Y 
, 2.84 3.54 
via 2. 927 3.416 
+2ri1 1 104 4, 163 3. 162 
+s 5, 206 3, 271 3. 057 
vite 3, 209 
mtr 4, 309 4. 348 2. YST 
vote 474 3, 404 2. S87 
vetesterten 4, 058 4,029 2.483 
vote 4,004 4,075 2454 
Quits? 4,210 4.184 2.300 
vite 4, 308 4,279 2. 337 
rite 4. 38 4.348 2. 500 
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fundamental bands of methyleyelohexane, such as 
Ye, Yr, Yo, and », were found to give combination 
wave numbers that agreed well with observed 
bands. In each case the experimental value was 
about 25 em™! the caleulated value. 
Because of higher order terms, the combination 
bands oecur at longer wavelengths than would be 
expected by considering the position of the band to 
be the sum of the wave numbers of two funda- 
mental bands. By the use of several of the more 
intense bands, it was found that the calculated 
values would be in error by about 25 em! because 
of neglecting the anharmonicity of the combination 
In assigning the weaker bands the agree- 


less than 


bands. 
ment was considered good when the calculated 
values were greater than the observed values by 
15 to 35 em". 

The spectra of methyleyclopentane and ethyl- 
cvelopentane contain a number of bands in the 
2- to 4-4 region, but the number is not as great 
as found for methyleyelohexane. Some of these 
bands have been classified, and the results are 
tabulated in tables 4 and 5. The wave numbers 
of the fundamental bands are taken from previous 
measurements [4, 5]. The long wavelength funda- 
mental bands are not known, but they are usually 
of low intensity and do not produce strong bands 
in combination. 

Two compounds, cyclohexene and cyclopentene, 
contain CH, groups and have a skeletal structure 
similar to that of the evyclohexanes and cyclo- 


Taste 4. Combination bands in the near infrared of 
methyleyclopentane 
Wave Wave 

number Wave- number Wave- 
length length 

Term ob- Term ob- 
Cal- Ob serv- Cal Ob- serv- 

culat- serv- ed culat- serv ed 

ed ed oI ed 

em~' em' “ em em~' nm 
v) 431 | 2.22 2 2.702 2, 608 3. 707 
Qn; siz M2. s11LS7 2s 2754 2,730 3. 663 

+ w2 11.08 vate 2, 753 
’ 1, 139 & 7S ve 2806 3. 480 
“a 1, 295 7.72 " 2, 952 3. 387 
v5 1, 351 74” vite 3,297 | 3, 2fis 3080 
ve 1, 377 7. vite 3,383 3,356 2. 979 
v7 1, 458 i568 nr 4, 091 4,075 246 
rrter 2,197 | 2.179 4.59 

vetes 4,161 4,139 2. 416 
vite 4,324 | 4, 207 2. 327 


vites 2.40) | 2,457 4.070 vets 4,329 
2 > 


vets 2, 627 3. 807 
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TasBie 5. 


Combination bands in the near infrared of 
ethylceyclopentane 


Wave Wave 
number Wave- number Weve. 
Tem — Porm a 
Cal- Ob- me “ Cal- Ob- —_ 
culat- serv- — F culat-  serv- “a ¥ 
ed ed ed ed ts 
cm cm “ em~' em “ 
vy) 768 «13.02 ster 2067 2,047 3. 778 
"2 wl 10.74 2v: 2, 006 
’ 1,020 os vstes 27%) 2,736 $. 65 
rz 1, 131 SM 2vs 2. 754 
S 1, 200 7.75 vu 2, 866 3. 489 
ve 1,313 7.61 vil 2. O56 3. 383 
vr 1,333 7m veto 4.087 4,072 2. 456 
ve 1, 377 7.26 vst 4,156 4,129 2. 422 
“ 1, 460 6.85 votes 1.326 © 64,200 2. 331 
vite 2.081 2, 066 44 
vite 2.244 2,227 449 
vites 2.48) 2,476 4.058 
2ra 2.626 2, 621 3.816 
S ry 
pentanes respectively. The observed spectra 
show three strong bands with several weaker 


bands for each substance. In the spectrum of 
cyclohexene the band at 3,035 em~' arises from 
the CH vibration, and the corresponding vibration 
in cyclopentene is at 3,067 em™'. The CH, 
vibrations are somewhat modified by the CC 
double bond. The two bands are observed at 
2,845 and 2,934 em” in cyclohexene and 2,853 
and 2,959 em! in cyclopentene. The two com- 
ponents of the CH, vibrations of cyclohexene are 
separated by 89 cm™', and the separation is 
73 em™' for the two bands in the cyclohexanes. 
The separation for the corresponding bands in 
cyclopentene and the cyclopentanes is 107 and 
87 em~', respectively. 

The position of the CH, vibrations is dependent 
on the skeletal structure of the molecule. This 
can be seen more readily by comparing CH, bands 
in other compounds that have different molecular 
structures. The compounds included in addition 
to those reported in this paper are formaldehyde 
[6] ketene [7, 8], cyclohexane [6], cyclopropane [6], 
and propylene [6]. The antisymmeitrical vibra- 
tion of the CH, group, occurring when the two 
hydrogens are out of phase, has a larger wave 
number for all these compounds. In table 6 is 
given the value for the two CH, bands of these 
substances and the difference in wave numbers 
between the two modes of vibration of each sub- 
stance. From this table it is seen that the vibra- 
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tions of the CH, groups are not fixed values but 
vary with the type of the molecule. 

In n-butylbenzene the three CH, groups have 
bands at 3.42 » and 3.50 uw, which are close to the 
positions for the bands in n-butyleyclohexane. 
These two bands become of low intensity in the 
spectrum of sec-butylbenzene. The band at 3.30 
uw is produced by the CH vibration of the benzene 
ring. This band checks closely in position with 
the CH band in cyclohexene. 


Tarsie 6. Location of CH, vibrational bands for different 
types of molecules 


CH, 
Compound bands in 
infrared 


Ditfer- 
ence 


Formaldeh yue 


Ketene 


& 


Propylene 
Cyclohevane 


Cyclohexane (derivatives of 


RENN NY RR ES 
tS 
-) 


Cyclopentane (derivatives of sf 


. w4 
Cyclohexene (cerivatives of 


ca 


, 959 
Cyclopentene (derivatives of 2 18 
Sa } 


Many of these compounds that have been 
studied in the 3.4- region have been measured 
previously in the region of 1.15 and 1.7 « by Lidell 
and Kasper [1] and by Rose [2]. The fundamental 
band and the harmonics should be related by the 
equation va=ven(1+nr), where n is the number 
of the harmonic and s is the anharmonic correction 
factor. It was found that considerable differences 
in the value of », and 2, were obtained, depending 
on which two of the observed bands were used in 
the equation. The discrepancy in the constants 
was produced by experimental error in the obser- 
vations. For an error of 0.01 « the wave number 
error would be 75 em™! at 1.15 w, 35 em™ at 1.70 
u,and9em~'at 3.40 «. Because the uncertainty 
of the wave numbers in the 3.4-u region is much 
smaller than in the 1.15- and 1.7-~ regions, and 
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with the high resolution of LiF prism, this region 
is the best suited for the observation of the CH, 
valence vibrations. 

Fox and Martin [3] used a grating spectrometer, 
with good resolving power, to investigate a group 
of hydrocarbons in the 3.4-« region. Cyclo- 
pentene and some of the cyclohexanes were in- 
cluded in their work, and the positions of the 
bands observed by us check to 0.01 w or better 
with their values. The present work includes a 
wider region of the spectrum than that used by 
previous authors. For ten of the hydrocarbons, 
the region from 2 to 4 uw has been included in order 
to show that many combination bands overlap the 
3.4-4 region. Consequently, the intensities of 
fundamental bands could not be used for quanti- 
tative determination of the number of CH, CH,, 
and CH, groups. By reducing the temperature 
of the samples, the band widths can be decreased 
and the chance of overlapping by combination 
bands becomes less likely. The cooling method 
offers some promise of providing a new technique 
for quantitative analysis in the region of the 
fundamental vibration. 

In conclusion it should be pointed out that the 
region from 7 to 15 u is better suited for infrared 
analysis than the detailed study of the 3.4-¢ 
region. However, the measurement of the CH, 
vibrations in different molecules reveals the 
presence of different force constants for the 
various types of skeletal structures. 
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Figure 3. Infrared ab- 
sorption spectra of cis- 
1,2-dimethylcycloherane 
and trans-1,2-dimethyl- 
cycloherane. 
The cell thicknesses are the same 
is those in figure 2, 


Ficure 4. Infrared ab- 
sorption spectra of me- 
thyleyclopentane and 
ethyleyclopentane. 

lhe cell thicknesses are the same 
those in figure 2. 
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Figure 7. Infrared absorption spectra of cycloherene, cycloherene vapor, and 
cyclopentene in the region of 3.4 u. 


The two liquids were diluted in CCl. The equivalent cell thickness was 0.0017 mm. 
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All three liquids were diluted in CCh, so that the equivalent cell thickness is 0.0017 mm. 
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All of the liquids were diluted in CCl, so that the equivalent cell thickness is 0.0017 mm, 
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Low-Temperature Performance of Radiosonde Electric 
Hygrometer Elements ' 


By Arnold Wexler 


The performance of radiosonde electric hygrometer elements was investigated in the 


temperature range from 0 to —40° C. 
humidity with an average deviation of = 


ealibration for all of the elements tested. 


element did not exceed 10.5-percent relative humidity. 


It was found that an element indicated relative 
2.4-percent relative humidity from the average 


The maximum deviation in indication of any 


The lag in response was found to 


increase markedly with decrease in temperature, to depend upon the magnitude and direction 


of relative humidity change, and the relative humidity from which the change was made. 


I. Introduction 


In the meteorological sounding of the upper 
atmosphere by means of the radiosonde, the device 
generally used in_ this for humidity 
measurement is the electric hygrometer developed 
by Dunmore. In a radiosonde flight in the tem- 
perate zone, temperatures below 0° C may be 
encountered from the ground up during the winter 
months, whereas during the summer months, 
freezing temperatures usually exist above 18,000 
feet. Since a flight may reach an elevation of 
80,000 feet, the greater proportion of the ascent 
will be at low temperatures. Information on the 
characteristics of the electric hygrometer at tem- 
peratures below 0° C is’ therefore important. 
Gliickauf * has reported both calibration and lag 
data on the coil type of eleetric hygrometer at low 
temperatures. Data at low temperatures on the 
flat-strip hygrometer element used in radiosondes 
are very meager. An investigation was therefore 
undertaken to determine the performance of the 
flat-strip electric hygrometer at low temperatures. 


country 


II. Description of Hygrometer 


The hygrometer most readily available, and 
therefore used in this study, was one in current 


This investigation was financially supported by the Bureau of Ships, 
Department of the Navy. 
? F. W. Dunmore, J. Research N BS 2, 723 (1988) R P1102; F. W. Dunmore 
J. Research N BS 23, 701 (19389) R P1265; H. Diamond, W. 8. Hinman, F. W. 
Dunmore, and E. G. Lapham, J. Research N BS 2%, 327 (1940) R P1329 
E. Gliickauf, Proc. Phys. Soc. (London) 50, 344 (1947). 


Performance of Radiosonde Hygrometer 


manufacture. This element, which is a modifica- 
tion of the original Dunmore design, and which is 
used by the Weather Bureau, Navy, and Army, is 
made by coating a flat strip of polystyrene base, 
4 in. long and %, in. wide, with an electrolytic film 
of lithium chloride dissolved in polyvinyl acetate 
or polyvinyl chloride, and sputtering tin electrodes 
on the two long edges. The resistance between the 
electrodes varies with relative humidity. This 
resistance, operating in the relaxation oscillator 
circuit of the radiosonde transmitter, controls the 
value of the audiofrequency to which the carrier 
wave is modulated. 


III. Experimental Procedure 


An experimental procedure was adopted that 
would subject the element as far as practical to 
conditions simulating those encountered in a radio- 
sonde flight. Standard equipment was employed. 
A radiosonde was utilized to transmit the response 
of the element to humidity changes; a radio 
receiver to detect the intelligence from the radio- 
sonde transmitter; an electronic frequency meter 
and a recorder to automatically record the data in 
terms of audio frequency or recorder divisions. 
One recorder division was equal to 2 cs. 

The temperature circuit of the radiosonde was 
modified to provide an additional humidity cir- 
cuit. <A switch that automatically 
changed the transmitted signal from one humidity 
circuit to the second humidity circuit to a reference 


sequence 
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frequency and back to the first humidity circuit 
was connected to the radiosonde. The radiosonde 
was permitted to transmit a signal continuously, 
the duration of which was 23 see on one humidity 
circuit, 22 sec on the other humidity circuit, and 
li see on the reference frequency, a complete 
evcle lasting 60 see. 

Known humidities at constant temperature 
were obtained by utilizing the divided flow, low 
temperature humidity apparatus.’ This equip- 
ment produced an air atmosphere whose relative 
humidity, with respect to ice, was known to an 
accuracy of 3 percent. 

The test procedure employed was to insert one 
or two elements into the test chamber of the 
humidity apparatus which had been brought to 
and maintained at a desired temperature. Each 
element was removed from its sealed vial immedi- 
ately before test and inserted into the test chamber 
of the apparatus at as low a relative humidity as 
could be measured and recorded. The air velocity 
in the test chamber was adjusted to 525 ft/min. 
The element was tested with its length vertical 
and air flowing parallel to the length. The ele- 
ment was subjected in discrete steps of 16.7 
percent to increasing values of relative humidity 
up to 100 percent, and back again to the lowest 
relative humidity. The change from one value of 
relative humidity to another took 1 to 2. see. 
The element was exposed to a relative humidity 
long enough for the recorded reading to become 
constant. A total of 29 elements were used in this 
investigation. 


IV. Data and Results 


The hygrometer was subjected to a humidity 
calibration at nominal temperatures of —1°, 
—10°, —20°, —30°, and —40° C. Four or more 
units were tested at each temperature, and each 
unit supplied the data for one humidity cycle at 
one temperature. These data were in terms of 
relative humidity versus recorder divisions. By 
applying the standard frequency-resistance rela- 
tionship for radiosondes, which was found to 
apply to the radiosonde used, the data were con- 
verted into relative humidity versus resistance for 
each humidity element. These are tabulated in 
table 1. 
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The logarithms of the average resistance values 
from table 1 are plotted against the logarithms of 
the relative humidity in figure 1. In this graph 
only the values of resistance measured for in- 
creasing changes of relative humidity, that is, 
from low relative humidity to 100 percent, were 
used in order to eliminate hysteresis effects and 
reduce polarization and exposure effects as much 
as possible. A family of straight lines was ob- 
tained for values of relative humidity of 50 percent 
and above. Below 50 percent, there is a slight 
bow in the curves for —1.1° and —9.9° C, in the 
direction of higher resistance. 
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Ficure 1. Logarithm of average resistance of the electric 


hygrometer versus logarithm of relative humidity at low 


temperatures. 


By entering the curves of figure 1 with the 
resistances for each hygrometer element, as given 
in table 1, values of indicated relative humidity 
are obtained. The difference between this indi- 
cated relative humidity and the actual relative 
humidity may be considered a measure of the 
spread in indication to be expected from individual 
elements. The indicated relative humidity is the 
algebraic sum of the actual relative humidity and 
the difference. These differences are given in 
table 2 and show that the hygrometer at low 
temperatures will indicate the relative humidity 
with an average deviation of +2.4-percent rela- 
tive humidity from a mean calibration of all the 
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TaRBLE 1. Low-temperature calibration—relative humidity versus resistance 
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Date of run 11-17-47 11-17-47 12-1-47 12-1-47 12-1-47 12-1-47 
n- Temperature, ° C —1.2 1.2 1.0 1.0 1.2 1.2 11 
1s, 
Relative humidity, % Resistance, ohms 
re 
ad - P 
33.3 177, 000 387, 000 177, 000 250, 000 282, 000 279, 000 282, 000 
ch OO 70, 500 53,000 57, 500 As, 300 
bh 6.7 20, 700 27, 000 20, 700 22, 500 22, 700 
R33 11, 500 11, 40 10, 400 11, 200 11, 100 
nt 10 6, 100 6, 200 5, 600 6.450 6.450 6, 400 6, 200 
at 
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1e 66.7 20, 900 27,000 20,000 23, 200 22, S00 
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NBS No on ! 2 ; i 
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33.3 272, 000 $20, 000 425, 000 
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7 66.7 31, 200 38, 000 44,000 39, 900 3s, 300 
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) 83.3 14, 800 17, 000 20, 100 1s, 700 17,000 
H.7 2s, 000 38, S00 42,5") 34, 000 37, 300 
Z w0 61,000 103, 000 101, 000 43, 000 SU, 
3 250, 000 S00 O00) 420, 000 430, 000 425,000 
NBS No 5 ty 4 Ww 
Date of run (27-47 (27-47 10-247 1-20-47 
lemperature, ° C 19.7 2.1 24 »1 2.1 
0 210, 000 192, 000 226, 000 S00, O00) 282, 000 
6.7 4, 000 91, 000 43, 000 149, 000 107, 000 
83.3 42, 000 42, 500) 43,000 57, 000 44), 100 
100.0 21, 200 23, 200 22, 900 26, 200 23, 400 
83.3 40, 000 41,5") 46, 000 5S, 500 47,700 
a 6.7 93, 000 SA. OK) 156, 000 139, 000 119, 000 
w0 255, 000 175, 000 S10, 000 465, 000 351, 000 
c NBS No 7 il If 17 
Date of run (147 1-23-47 10-30-47 10-30-47 
t remperature, ° C 29.7 24 20.2 20.7 20.5 
0 Su), 000 050, 000 1, 400, 000 500, 000 435, 000 
i» HwH.7 275, 000 $10,000 2038, 000 197, 000 284, 000 
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100.0 51, 000 60,000 MO 52, 50 000 
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. 6.7 271, 000 570, 000 260), 000 345, 000 
" 0 830, 000 2, 000, 000: 710, 000 1, O80, 000 
, 
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Date of run 10-77-47 10-28-47 10-28-47 10-28-47 10-28-47 
lemperature, ° C 40.2 30.6 906 0.7 19.7 wos 
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| (6.7 1, 130, 000 430, 000 ASD, 000 1, 100, 000 430, 000 994, 000 
83.3 400, 000 395, 000 395, 000 397, 000 
100.0 1S2, 000 170, 000 159, 000 182, 000 192, 000 173, 000 
83.3 390, 000 342, 000 342, 000 358, 000 
6.7 1, 130, 000 TS0, O00 725, 000 700, 000 770, 000 S21, 000 
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Tare 2. Difference between indicated and actual relative humidity at low temperature 


rhe indicated relative humidity is the algebraic sum of the actual relative humidity and the difference 
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notunl ~r7 numid Relative humidity difference, % 
3 +3.7 3.7 +3.7 —0.7 O.8 0.7 +2.2 
w0 +17 —2.3 +1.5 +.2 +1.4 
“Hi. 7 +20 5 +20 +3 +2.0 
S33 10 1.0 +1.5 -.3 +1.0 
moo oo 00 +3.0 Lo 20 1.7 +14 
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100.0 10 +5 +20 +20 22 +1.5 
83.3 0.3 +2. 1 +2.2 1.5 
m7 2.0 +41 +5.3 $5.6 4.1 +4.2 
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elements tested. There is a tendency for these 
differences to be larger at the lower humidities 
and smaller at the higher humidities. The 
maximum difference did not exceed 10.5-percent 
relative humidity. 

The dependence of the calibration upon tem- 
perature is given in tables 1 and 2 and figure 1. 
The curves in figure 1 essentially show that the 
primary effect of temperature is to produce a 
parallel displacement of the calibration, a higher 
humidity being indicated as the temperature is 
lowered. There also appears to be a small change 
in slope of calibration curve, but this is a secondary 
effect. 

By interpolating values of resistance for relative 
humidities of 50, 60, 80, and 100 percent from 
figure 1, converting these into recorder divisions, 
and plotting them with curves redrawn from the 
manufacturer’s calibration chart for the humidity 
element, a comparison between the calibration 
contained in this investigation and the manu- 
facturer’s calibration was obtained. This is 
shown in figure 2. From 1° to —40° C, the 
two calibrations agree within 5 to 7 percent. 

In going through a eyele of increasing and then 
decreasing humidity, the elements, in general, 
exhibited hysteresis; the indicated relative humid- 
ities during the decreasing half of the evcle were 
sometimes greater and sometimes less than those 
measured during the increasing half of the cycle. 
See table 2 for the data. The magnitude of the 
differences between increasing and 
readings in some elements was 1-percent relative 


decreasing 


humidity or less; in other units it was observed 
to be considerably greater. One element (NBS 
No. 9) changed its indicated relative humidity 
reading by 11-percent relative humidity in going 
from an actual relative humidity of 50 to 100 
percent and back to 50 percent. Several elements 
(NBS Nos. 10, 13, 14, 16, and 17) changed their 
readings by as much as 3- to 7-percent relative 
humidity. 

The lag in response to changes in relative humidity 
was studied over the range of temperatures from 

1 to —40° C. The procedure followed was to 
shift from one relative humidity to another as 
rapidly as possible (1 to 2 sec), transmitting and 
recording a humidity signal for 23 see during 
l-min eyeles. From the data thus obtained, the 
lag constant (the time required for 62 percent 
of the humidity change to occur) was computed. 
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Figure 2. Comparison of NBS and manufacturer's cali- 


bration of the electric hygrometer at low temperatures. 


Broken line is N BS calibration. 


The time response of the hygrometer at low 
temperatures, although not a simple exponential 
function, still permitted the calculation of a lag 
constant with fair approximation. There was 
variation up to 30 percent in lag constant from 
element to element when subjected to the same 
relative humidity change at the same temperature. 
The lag was found to depend upon temperature, 
magnitude, and direction of the relative humidity 
change, and the relative humidity at which the 
change was made. Figure 3 shows the effect of 
these variables upon the lag constant. The lag 
constants used in figure 3 are the averages of two 
to eight values. 

The lag constant was increased by (1) lowering 
the temperature, (2) increasing the magnitude of 
the humidity change, and (3) inereasing the 
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Ficure 3. 


Factors affecting the lag constant. 


The magnitude and direction of the change in relative humidity is shown on each curve. 


initial value of the relative humidity from which 
the humidity change is made. For relative 
humidity changes of 16.7 and 33.3 percent, the lag 
constant was independent of direction, whereas for 
changes of 50 and 66.7 percent the lag constant in 
the increasing humidity direction was larger. The 
influence of these factors on the lag may also be 
demonstrated by time response curves for typical 
elements. In figure 4 is shown the time response 
of a single element at — 20° C to a sudden change 
in relative humidity of 16.7 percent at various 
initial relative humidities. The effect of magni- 
tude of humidity change on the time response is 
shown in figure 5 for a typical element at —20° C, 


in which diserete jumps of 16.7, 33.3, and 50 per- 
cent were made from an initial relative humidity 
of 50 percent. In figures 4 and 5, the humidity 
coordinate has been plotted on the basis of per- 
centage change in relative humidity indication. 
Thus a total change of, say, 16.7-percent relative 
humidity is plotted on a seale of 100. An ordinate 
reading of 25 percent, therefore, represents 25 per- 
cent of the humidity change, that is, 25 percent of 
16.7-pereent or 4.2-percent relative humidity. 
The effect of temperature on the time responses is 
given in figure 6 for a relative humidity change of 
66.7 to 83.3 percent. Each curve in this figure 
was obtained on a different unit. 
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V. Discussion and Summary 


The continued subjection of the electric 
hygrometer element to the pulsating direct current 
of the radiosonde circuit has a deleterious effect 
on its life, primarily because of polarization. 
Hence in the tests described above, no unit was 
used more than once or for periods of time exceed- 
ing 2 hr. Under these conditions, exposure of a 
unit to a humidity of 100 percent did not appear 
to harm its performance. In general, the calibra- 


tion and hysteresis characteristics of the hygrome- 
ter are satisfactory, except that the range does not 
extend to low humidities at the lower tempera- 
tures. The high lag and the complicated lag 
behavior of the hygrometer at low temperatures 
are its major limitations in radiosonde use. With 
the rates of balloon ascension now employed 
(1,000 ft/min) and the greater rates contemplated 
for future use, the lag of this hygrometer intro- 
duces a questionable factor in the interpretation 
of the humidity data. 
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Refractive Index of Natural Rubber for Different 
Wavelengths’ 
By Lawrence A. Wood and Leroy W. Tilton 


The refractive indices of a prism of natural rubber have been measured at five different 


wavelengths in the visible region by the use of a spectrometer. Values af the rate of change 


of index with temperature at each wavelength have been computed for the range 19.5° to 


30.3° C. The Evkman equation in differential form is used to calculate the expansivity 


from the index and its rate of change with temperature. It is concluded that the two-con- 


stant Cauchy and Sellmeier dispersion equations are inadequate to represent the data. 


The dispersion observed for rubber is found to be essentially the same as that of hydrocarbons 


of similar structure but of low molecular weight. 


I. Introduction 


Published values of the refractive index of 
natural rubber, with very few exceptions, have 
been concerned with the value at the wavelength 
of the sodium D-lines (5,893 angstroms). This 
paper presents the results of measurements by 
the spectrometer method at this wavelength and 
four other wavelengths in the visible spectrum. 
Observations of the effeet of temperature on index 
are also made. The constants of several different 
types of dispersion equations are evaluated in 
order to obtain an equation to represent the data. 
The dispersion observed for rubber is compared 
with that of hydrocarbons of low molecular weight. 

The experimental portion of this work was con- 
ducted in 1939, and some of the results presented 
in graphical form in a general paper by one of the 
present authors [1].2. The war prevented further 
work on this problem until recently. 


II. Method of Measurement 


The well-known and conventional method of 
measurement of refractive index by observations 
of the angle of minimum deviation produced by a 


rhis paper was presented on June 24, 1948, at the Rubber Technology 
Conference, London, England, sponsored by the Institutien of the Rubber 
Industry. It has been published as paper No. 31, page 142, in the Proceedings 
of the Rubber Technology Conference; London 1948, 
* Figures in brackets indicate the literature references at the end of this 
paper, 
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prism of known angle does not seem to have been 
previously applied to rubber. This very direct 
method commonly yields results of higher precision 
and accuracy than can be obtained by available 
commercial refractometers since it is free from 
many of the complications and limitations inher- 
ent in comparison methods by critical-angle re- 
fractometry. 

The rubber prisms required were made by 
molding the rubber between two plane glass plates 
inclined at an angle. A mold of 1-in., cold-rolled 
steel bars fastened together by bolts had an 
opening in which from one to six steel wedges 
could be placed, thereby fixing the angle of the 
prism at about 10° or some multiple of 10°. The 
rubber was molded against two glass plates 20 by 
10 by 3.5 mm, which were left in position after 
the molding. The glass plates were special “plane 
parallels,” that is, they had faces which were 
plane and parallel to each other to within a few 
wavelengths of light, as evidenced by comparison 
with optical flats and by examination of the inter- 
ference phenomenon known as Haidinger’s rings. 
Since their faces were parallel, the collimated 
light beam in its passage through the glass under- 
went no deviation or dispersion, and the observed 
refraction was due entirely to the wedge of rubber 
between the plates. 

The pale crepe rubber was milled only very 
slightly, a few passages through the warm rolls 
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being found sufficient to make possible the pro- 
duction of a sheet about 1 em in thickness and 
relatively free from entrapped air. A specimen 
was cut very roughly to shape and inserted in the 
mold just described. The molding was performed 
in a steam vulcanizing press at a temperature of 
150° C for about 30 min. 

When the prism was placed on the spectrometer 
table it was observed that the refracting angle 
showed a systematic change with time, a decrease 
of several minutes of angle a day being usually 
observed. This circumstance, arising no doubt 
from the plastic flow of the unvuleanized rubber, 
made it necessary to measure the prism angle 
before and after each set of measurements of the 
angle of deviation. The measurements of the re- 
fracting angle were made by means of reflections 
from the glass surfaces by the use of the spec- 
trometer telescope, which was essentially auto- 
collimating. As pointed out in a previous pub- 
lication [2] the commonly used “split beam” 
method of measurement of refracting angle is 
never advisable. In the present instance addi- 
tional difficulties would have arisen because of the 
finite thickness of the glass plates in contact with 
the rubber. 

The spectrometer, which was manufactured by 
the Société Genevoise, has been described in 
detail in an earlier publication [3]. It has a circle 
308 mm in diameter and is graduated to 5-min 
intervals. The use of micrometer microscopes 
allowed angles to be read to the nearest second, 

The prism was set at the angle of minimum 
deviation in each case and the refractive index n 
computed from the usual spectrometer equation 


sin 1/2 (A+D) ‘a 

sin 1/2A ’ ) 
where A is the refracting angle of the prism and 
D the angle of minimum deviation. 

The light sources used were a sodium are, a 
hydrogen discharge tube, and a mercury vapor 
lamp. The wavelengths of the spectral lines 
utilized are as follows: 








Wave- See a | Desig- 
length Sources nation 
—~— rere WEST 
Angstroms 
6562.79 Hydrogen (alpha line) ee 
5892.62 Sodium (weighted mean of two D 
lines). 
5460.74 Mereury......... aie e 
4861.33 Hydrogen (beta line) . F 
4358.34 Mercury. ae! Ta 


The measurements with the g-line were made 
with more difficulty than those at longer wave- 
lengths because of the greatly reduced trans- 
mission of light and the increased amount of light 
scattered by the sample in this region. Measure- 
ments of the transmission and scattering have 
been given in the earlier paper on the optical 
properties of rubber [1]. 


III. Results 


Table 1 gives the results of the measurements 
made with prism 1, having a refracting angle near 
20°. More measurements were made with this 
prism than with any of several others made since 
it appeared to possess the best optical properties. 
Measurements were made at all five wavelengths, 
and a stirred air-bath in a water-jacketed constant- 
temperature prism housing equipped with a 
thermostat was employed to obtain values at 
19.5° and 39.3° C. The temperatures could be 
measured to the nearest hundredth of a degree. 
At least 1 hr at any given temperature was allowed 
to elapse before readings of index were made. 

The data shown in table 1 for each wavelength 
were treated by the methods of linear regression, 
or “least squares,” as outlined in books on statis- 
tical methods, for example, the text of Snedecor [4]. 
Inherent in this treatment is the usual assumption 
that there are no errors in the determination of 
the independent variable, the temperature in this 
case. By these methods values were obtained for 
the indices at 25° C, their standard deviations, 
and the rates of change of indices with vemperature 
and their standard deviations. 
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TABLE 1. Data obtained with prism 1 











Angle v 
199 |—— a a ne 
Degrees | Minutes | Seconds 
oC 

July 17 2 55 25 28.7 1. 51365 
18 20 52 15 28.0 1. 51415 

18 20 52 2 28.5 1. 51409 

19 Dv ft) 24 28.4 1. 51390 

19 20 » 26 28.5 1. 51408 

19 20 fe ) 17 28.7 1.51411 

Sept. 2 20 39 48 28.4 1. 51407 
5 20 3y 30 26.5 1. 51488 

2 3y 37 27.1 1. 51475 

6 20 39 31 26.9 1.51474 

7 2 45 f2 39.3 1. 51013 

7 2 45 52 39.3 1. 51012 

ll 2 34 45 19.5 1. 51737 

ll a 34 45 19.5 1. 51739 
Computed from above data at 25.0 1. 515345 


Some observations were also made on prism 2, 
a prism of less satisfactory optical quality than 
prism 1. The results are shown in table 2. The 
second prism had a refracting angle near 10° and 
of course did not produce as large an angle of 
deviation as prism 1. Observations were made 
with this prism for the sodium D-lines, the hy- 
drogen C-line, and the hydrogen F-line only. The 
temperature range covered was likewise much 
smaller than previously. 

Table 3 presents a comparison of the results 
obtained on the two prisms. As would be ex- 


np Ne uF Ne nep—ac 
1. 51737 1. 52679 0.01314 
1, 51798 1. 52732 01317 
1. 51782 
1. 51765 1. 52704 01314 
1. 51773 1. 52725 O1317 
1, 51781 1. 52720 01309 
1. 51798 1. 52121 1. 52727 1, 53510 . 01320 
1. 51868 1. 52196 1. 52809 1. 53574 01321 
1. 51850 1. 52179 1. 52790 1. 53557 01315 
1. 51847 1. 52172 1. 52791 1. 33554 01317 
1. 51385 1. 51707 1. 52324 1. 53088 O1d11 
1. 51382 1. 51704 1. 52318 1. 53082 01306 
1. 52113 1. 52440 1. 3082 1. 53835 01325 
1, 82111 1. 52432 1. 53066 1. 53832 01327 
1. 519093 1. 522415 1. 528536 1. 536292 013198 


pected, the standard deviations obtained with 
prism 2 are considerably larger than those found 
with prism 1. In the last column (ne—ne) is 
shown as calculated from the individual observa- 
tions shown in tables 1 and 2. The desirability 
of computing the difference in this manner is 
demonstrated by the fact that the standard devia- 
tions for it are considerably smaller than those for 
the indices at the individual wavelengths. 

The differences between the values of index at 
each wavelength for the two prisms can be seen to 
be of no significance when they are compared with 


TABLE 2. Data obtained with prism 2 


Angle 
Tem- 


1989 perature 


, Degrees Minutes Seconds 


°C 

July 22 4 58 16 28.2 

a4 y Ss | 3 29.0 

25 ) 57 | 59 29.0 

Aug. 17 10 4 35 32.3 

18 lo 4 4s 32.3 

18 10 4 47 32.3 

28 | 10 2 iM 28.2 

30 10 2 3th 27.2 

31 10 2 19 26. 5 
| | 

Computed from above data at_- 25.0 








ac ap ue apc 
1. 51420 1. 51792 1. 52735 0.01315 
1. 51408 1.! 1 22 01314 
1. 51304 1. 51766 1. 52712 .O1318 | 
1, 51278 1. 51647 . 01303 
1. 51286 1. 51660 . 01315 
1. 51205 1. 51659 . 01310 
1. 51438 1. 5LS806 . 01305 
1. 51466 1. 51836 01306 
1. 52482 1. 51860 01312 
1. 515365 1. 519095 1. 528470 013117 
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TABLE 3. Comparison of results obtained with the two different prisms 

| { 
e D e F g (F-—C)* 

| 

Index #® for prism 1 . 515845 1. 519003 1. 522415 1. 528536 ‘36292 0. 013198 ¥ 

Standard deviation of n2 37. 4x10 35. 210-4 63. 6x10- 43. 2K 10-¢ 49.3x10-° 10. 510-4 j 

Index »® for prism 2 1, 515365 S1Q005 1. 528470 0.013117 

Standard deviation of n? 4.8x10-° 182x10-* - 47x 1l0°* 42.5x<10-4 
Difference between indices of prism 2 and prism 1 20x 10-* 2x10-* — —tii x 10-* —76xX10-% 
dn aT for prism 1 — 367.7 X10 — 9. 9X 10-* —370. 1x 10-* —376. 5X10-* —378. 2x 10-* —&. 8X 10-¢ 
Standard deviation of dn/dT for prism 1 5. 90x 10-¢ 5. 4x lor 8. 11x10°¢ 6. 62 10-¢ 6. 29x 10-* 1.6xX10-¢ 
dn/dT for prism 2 —341 x10 —345x10-* —340X 10-¢ —1L&x10-% 
Standard deviation of dn/dT for prism 2 19. 2x 10°* O. 7x 10- 20.7x10-° 8. 6X10 


Difference between values of dn dT of prism 2 and 


prism 1 +2. 7xX10-* +24. 9X 10-¢ +36. 5x 10-* +7.0K10-¢ 


* The values in this column have been calculated directly from the observations shown in tables 1 and 2, and are not obtained from differences of preced- s 

ing columns of table 3 | 
| 

the standard deviations. The differences are judged to be 1.5190, found by MePherson and t 
less than the standard deviation of prism 2 for © Cummings [6]. This is in very good agreement ! 
each of the three spectral lines, and even for — with that found in the present work, namely, 


1.519093. 

MePherson and Cummings also made measure- 
ments with a Pulfrich refractometer and reported 
an exceedingly large value for the dispersion, 
tp—Ne. In the course of the present work the 
original data of MePherson and Cummings were 
reexamined and it was discovered that on account 


(np—ne) the difference is less than twice the 
standard deviation. Similarly, the differences in 
dn dT are not significant, since they are less than 
twice the standard deviation. 

Since the precision of the values obtained with 
prism 1 was much greater than that obtained with 
prism 2 and more observations were made with 








it, the remainder of the paper will be concerned 
only with the values obtained on prism 1. 

It should be clearly recognized that the present 
work did not include a study of the dependence 
of refractive index on composition. The rubber 
used to make the second prism probably came from 
the same bale as that used to make the first. For 
simplicity the results have been treated as if the 
sample were pure rubber hydrocarbon, whereas it 
is only 93 to 94 percent hydrocarbon and is known 
to contain resins in solution and proteins, salts, 
and other foreign material dispersed in it. Hence 
the number of significant figures used here shows 
only the precision of the present measurements of 
a sample of given composition. Earlier work 
[5, 6] has shown little variation with composition 
in the fourth-place index values, but further studies 
would be required to show the effect of impurities 
on fifth-place and sixth-place values. 


IV. Discussion 


The results of measurements of refractive index 
for the D-line have been summarized in a paper 
presented at the Rubber Technology Conference 
in 1938 [7]. The most reliable value of nn; was 
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of a clerical error incorrect values were given for 
the refractive index of the F-line and consequently 
for the dispersion. The results of 
MePherson and Cummings are as follows: 


corrected 


Temperature 24.5° C. 25.0° C. 
ne 1. 5153 1.5151 
np 1. 5190 1. 5188 
ne 1. 5283 1. 5281 
np—Nc_-- 0. 0130 0. 0130 


These values are lower than those given in the 
present work by 2 to 4 units in the fourth decimal 
place. 

A summary of previous values of the rate of 
change of index (D)-line) with temperature is as 
follows: 


Author Year dn/dT 
McPherson [5]__- ‘ 1932 360 10-° 
Kirchof [8] 1932 369 
McPherson and Cummings [6]. 1935 350 


Present work 369. 9 
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In a previous publication [7] it has been shown 
that the empirical Evykman equation, (”’?—1) 
(n+0.4)=Rd, where d is the density and PR a 
constant, can be differentiated to yield the follow- 
ing equation 


dn | 1dV 
dT ~~ 2n 7s ( VdT ): 
n—1l n40.4 


Here Vis the volume of a given mass of the mate- 
rial, so that (1/1) (dV/dT) is its volume expan- 
sivity. It has now been found that the coefficient 
by which the expansivity is multiplied in the right- 
hand member of this equation can be represented 
to within about 0.2 percent over the complete 
range of normal refractive indices, namely from 
1.383 to 1.7, by the expression (1.10440 — 1.12226). 
Thus the equation becomes 


dn 
dT 


(3) 


f1ldvV 
— (1.10440n—1.12226)( y- “yp ): 

Of the three observable quantities involved in 
this equation it is considered that the experi- 
mental uncertainty is greatest in the value of the 
expansivity. Consequently, the expansivity has 
been calculated from the optical data by taking 
the ratio of (dn/dT) to (1.10440n—1.12226) for 
each of the spectral lines. The following results 
were obtained 


Calculated 


Spectral line ie Feud 
expansivity 


Cc 667» 10-* 
Db 666 
‘ 662 
F 665 
q 658 


The mean value, 664 10° (deg. C)~', is in excel- 
lent agreement with values directly observed 
7, 9). 

By inserting this mean value for the expansivity 
and the value for n*° in eq 3 one then has 


dn/dT = — (1.10440n* — 1.12226) (664 10~°). (4) 
Nhe values of the right-hand member of this equa- 


tion are compared with dn/d7 as directly observed 
in the following tabulation 
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dn/dT 
Spectral |__ : Difference 
line 
Calculated Observed 
Cc 366. 1*10°° 367.7™«10-° —1. 6 10°° 
D 368. 8 369. 9 eB 
¢ 371. 2 370. 1 +1. 1 
F 375. 7 376. 5 0.8 
g 381. 4 378. 2 +3. 2 


The agreement is very satisfactory. 


The molecular reiractivity can be calculated by 
the Lorenz-Lorentz relation from the present data 
by taking the value 0.906 g/em* for the density 
at 25° C. of purified natural rubber [5, 7]. As 
pointed out in the earlier paper [1] the result, 
22.82, is in sufficiently good agreement with values 
obtained by taking the sum of atomic refractivities 
to afford optical confirmation of the existence of a 
CH, group containing one double bond as the 
unit group in rubber. It would be desirable to 
apply the methods outlined by Taylor, Pignocco, 
and Rossini [10] to a more detailed study of the 
data given in the present paper. 


V. Comparison of Refractivity Intercept 
and Specific Dispersion With Values for 
Other Hydrocarbons 


The refractivity intercept, 1») ——d/2, and specific 
dispersion, 10* (ne—ne)/d, where d is the density, 
have been used for some vears to distinguish 
between different classes of hydrocarbons [11]. 
Values for these quantities applicable to hydro- 
carbons with not more than nine carbon atoms 
are given in Circular C461 of the National Bureau 
of Standards, entitled Selected values of properties 
of hydrocarbons, by Rossini and coworkers [12]. 
The lowest and the highest values found for each 
class of hydrocarbon, together with the mean of 
the two, are listed in table 4 for comparison with 
the refractivity intercept and the specific dis- 
persion for rubber. In these computations the 
value 0.906 g/em® has again been used as the 
density at 25° C of purified natural rubber. 

From the comparison shown in table 4 one can 
see that both the refractivity intercept and specific 
dispersion of rubber are somewhat above the 
corresponding values for the monoolefins but not 
nearly as high as those for the diolefins with 
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conjugated double bonds. This is exactly what 
would be expected from the structure of the rubber 
polymer. The double bonds in rubber are sepa- 
rated by four skeletal carbon atoms rather than 
by two carbon atoms as in a conjugated system. 
It has already been suggested [13] that this fact 
gives rise to a slight degree of double bond character 
in the single bond half-way between two double 
bonds. 


TaBLe 4. Comparison of values of refractivity intercept 
and specific dispersion with those found in NBS Circular 
461, Selected Values of Properties of Hydrocarbons, by 
Rossini and coworkers [12] 


Refractivity intercept Specific dispersion 


n?b—d/2 10*(n?>—n?5) /4 


Low High Mean* Low High Means 





Paraffins 
CsHy 1.0436 1.0441) 1.04385) OS aw O.5 
Coll 1.0437 1.0448 | 1.04425) 97 100 OR. 5 
C;Hy 10439 L046) 104465 6 100 Os 
CoHis 1.0437) 1.0458 | 1LOMM75 (86 100 us 
Cyl» 10420) 1.0470 1.0445 ow 101 97.5 
Monoolefins 
CsHye 1.05%) 1. 056 1.053 128 135 131.5 
CHa 1.049 1058 1.0535 | 122 132 127 
Cry 1.048 | 1.057 | 1.0525 118 1) 124 
Coll 1.050 1. 055 1.0525 116 127 121.5 
Diolefins with con- 
jugated double 
bonds 
Css .. Low 1.091 1.0855 | 225 225 
Cole ‘ 1.075 1091 | LOSS 225 | 225 
Diolefins with ad- 
jacent double 
bonds 
Cis 106 1.074 | 1.067 
CoH 1.054 1.069 |= 1.0615 
Other diolefins 
CsHs 1. 057 1.057 | 1.057 
Calo 1. O57 1. 062 1.0595 
Rubber * 
Cys . paws on 1.066 145. 6 


* Mean of low and high values. 
> The number of (CsHs)-units, or degree of polymerization, is denoted by p. 


VI. Dispersion Equations 


From the data obtained in the present work it 
is possible to calculate the constants in a dispersion 
equation, which gives the relation between refrac- 
tive index and wavelength. From a consideration 
of standard deviations one can draw conclusions 
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regarding the validity of a particular form of dis- 
persion equation. The present work shows that 
neither the Cauchy dispersion equation nor the 
Sellmeier dispersion equation is adequate to repre- 
sent the observed data if the number of parameters 
is limited to two. 

The two-constant Cauchy dispersion equation 
[11] is usually written 


n= A,+ B,/M= A, + By’. (5) 


Here n is the refractive index, \ is the wavelength, 
and » its reciprocal, the wavenumber of the light. 
A, and B, are constants characteristic of the 
medium. 

The constants in the Cauchy equation were 
evaluated at the five different wavelengths from 
the index for prism 1 by the usual methods of 
linear regression. The following equation was 
thus obtained 


n= 1-498648+-71-16>¢ 107°/d?. (6) 


A comparison of observed values with those 
calculated from this equation is given in table 5. 
It will be seen that the differences are considerably 
larger than the corresponding standard deviations 
of the observations. The observed variance in the 
Cauchy equation values yields a standard devia- 
tion of 176 10~°, which can be compared with the 
average standard deviation of an observed value, 
namely, 46 10~°. Consequently, it is concluded 
that the Cauchy dispersion equation with two 
parameters does not adequately represent the 
observations. 

The single-term Sellmeier dispersion equation 
[11] is usually written 

n?—1=C/(H%—Yr*), (7) 


where C and vp) are constants. For purposes of 
calculation this equation may be written in the 
following form 


1/( n*?— 1) = A,+ By’. (8) 


The constants have been evaluated from the index 
values for prism 1, to yield the following equation 


9 9 


1/(n?—1) =0-800139—123-09<107"?, (9) 


Table 5 also shows the comparison of observed 
values with those calculated from this equation. 
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TABLE 5. Comparison 


of dispersion equations 


Cc Db t F g Pe 
Observed value 1. 5IAB45 1. Sd90us 1. 522415 1. F2S8536 1. AaG202 0. 018198 
Standard deviation 74x lo’ 5.2 10 ia.6x 10° 3.2K 10-* 10.3« 10° 10.5 lot 
Calculated from Cauchy equation 1. 515189 1. SIV1SS 1. A225 1. S2S757 1. 56108 O OLS 5s 
Difference between observed and calculated values +176 lo KW W5x 10 221K lot +1s4& lO wax Loe 
Calculated from Sellmeier equation 1. SLS281 1. SIM116 1. 522420 1. 528600) 1. 530202 © O1S374 
Ditference between observed and calculated values +4 lo 2x Ww > 4 || 14x +400 10 ISH x 10 


It will be noted that the representation of the 
data is still not adequate, although the differences 
and with the 
Sellmeier equation are appreciably less than the 


standard deviations associated 
corresponding values associated with the Cauchy 
equation. The 
with the variance shown in the table is 84 10 


standard deviation associated 


The corresponding Lorenz dispersion equation, 
which is quite similar to the Sellmeier form, is as 


follow s: 


_ 10) 


Preliminary calculations indicated that it did not 
represent the data as well as the Sellmeier equa- 
tion. Consequently, it was not considered further. 

The equations thus far presented have been 
iwo-constant equations. In no previous case with 
which we are familiar has a two-constant equation 
been adequate to express the dispersion shown by 
fifth-place refractive index measurements. A 
three-constant equation may be successful for 
some materials, but most of them require a four- 
However, it has not been 


constant equation. 


TABLE 6. * Best” values resul 
Cc 
‘ 1. SAGAS 1 
Standard deviation of n? iT. 4x10 
dnaT ~— wT. 7K whe 
Standard deviation of dn/d7 5. wx 1 ‘ 
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VII. Conclusions 


The refractive index of natural rubber and its 
Variation with temperature and wavelength are 
those which would be predicted for a similar 
hydrocarbon of low molecular weight. A two- 
constant equation of the Cauchy or Sellmeier type 
is inadequate to express the relation between 
refractive index and wavelength for rubber. 

For convenient reference the best values result- 
ing from the present investigation are reeapitu- 
lated in table 6. 


ting from present investigation 


Db e } 7] F-€ 
1WOus 1. 522415 1. 528556 1. Aa 2u2 O.O1STYS 
2x 63.610 3. 2x« 10 w— 3K wax 
a™x10 Toro TH. sue Ts. 2 lo SS&kTO 
Mx s 1x 6.6210 6. 20«10 Loxw 

(3) L. W. Tilton and J. K. Taylor, Refractive index and 


dispersion of distilled water for visible radiation at 
temperatures OF to 60° C, NBs 20, 
119 (1938) RPLOSS. 

[4] G. W. Statistical 
College Press, Ames, lowa, 1946). 

[5] A. T. MePherson, A method for the purification of 
rubber and properties of the pucified rubber, BS J, 
Research 8, 751) (1982) RP449. Reprinted in 
Rubber Chem. Teeh. 6, 523 (1932). 


J. Research 


Snedecor, methods (lowa State 


63 








[6] A. T. MePherson and A. D. Cummings, Refractive 
index of rubber, J. Research NBS 14, 553 (1935) 


RP7S86. Reprinted in Rubber Chem. Tech. 8, 
$21 (1935). 
17] L. A. Wood, Values of the physical constants of 


rubber, Proe. Rubber Technology Conference, 
London, p. 933 (W. Heffer and Sons, Cambridge, 
Eng., 1938). Reprinted in Rubber Chem. Teeh. 


12, 130 (1939 


IS] F. Nirechhof, The refractometry of rubber and gutta 
percha hydrocarbons, Kautschuk 8, 137 (1932 
Translated in Rubber Chem. Teeh. 6, 92 (1933 

19] N. Bekkedah! and L. A. Wood, Crystallization of 


vuleanized rubber, Ind. Eng. Chem. 33, 381 (1941 
Reprinted in Rubber Chem. Tech. 14, 347 (1941). 
[10) W. J. Taylor, J. M. Pignoeco, and F. D. Rossini, 
Method for caleulating the properties of hydro- 
earbonus and its application to the refractive indices, 
densities, and boiling points of the paraffin and 


64 


monoolefin hydrocarbons, J. Research NBS 34, 
413 (1945) RPIGSIL. 
[11] S.S. Nurtz and A. G. Ward, The refractivity intercep 
and the specifie refraction equation of Newtor 
J. Franklin Inst. 222, 563 (1936); 224, 583, 697 
(1937). 
*. D. Rossini, kK. S. Pitzer, W. J. Taylor, J. R. Ebert 
J. BE. Wilpatrick, C. W. Beekett, M. G. William: 
and H. G. Werner, Selected values of properties « 
hydrocarbons, NBS Circular C461 (1947 
[13] G. A. Jeffrey, Structure of polyvisoprenes, 1. Th 
eryvstal structure of geranyvlamine hydrochloric 
VI. An investigation of the molecular structure of 
dibenzyvl by X-ray analysis, Proe. Roy. Soc. A183, 
388 (1945); APSS, 222 (1947). 

(14) L. Ww. 
index of distilled water as a function of wave lengt! 
J. Research NBS 17, 639 (1936) RP934. 


Tilton, Accurate representation of refractive 


WasHINGTON, March 11, 1949. 


Journal of Researc!: 




















BS 34. |. S. Department of Commerce Research Paper RP2005 
Jational Bureau of Standards Volume 43, July 1949 
ptereep 
Newtor Part of the Journal of Research of the National Bureau of Standards 
S35, OOF 
. Ebert 
deerme Metastable T iti in Mass Spectra of 
om etastable Transitions in Mass Spectra o 
_o Hyd b 
th y 
‘hlorice . 
ashe By Evelyn G. Bloom, Fred L. Mohler, C. Edward Wise, and Edmund J. Wells 
r. AIS3, 
fractive This paper gives a compilation of metastable transition peaks in mass spectra of about 
lengt! 170 hydrocarbons based on experimental data that have been published in the American 
Petroleum Institute Catalog of Mass Spectra Data. One hundred different transitions have 
been found and identified. These are tabulated according to the mass lost in the transition. 
Masses lost are 1, 2, 15, 16, 26, 27, 28, 29, 30, 40, 42, 43, 44, 56, 57, and 58. Nearly all 
transitions can be ascribed to breaking of one bond with or without the transfer of one 
hydrogen atom to the charged or to the neutral fragment. The data include those previously 
reported in Research Paper 1888 [1].! 
I. Introduction m, may be either the mass of the parent ion or the 
, mass of 2 dissociation product formed in- the 
\ previous paper has discussed the metastable ionization chamber before entering the ion accel- 
iransitions In mass spectra of 56 hydrocarbons {1}. erating field 
The experimental data published by this laboratory Thcssetivally the messed values of mm is 
‘ i i a : 
‘ 7 *) *s ) ‘ » , i , Ye . 7 . . ; . . 
nthe American Petroleum Institute Catalog of sufficient to determine both m, and m;, since my 
Mass Spectral Data [2] now include nearly 140 and m;, are integers. In practice a qualitative 
hvdroearbons. All observable metastable transi- intensity rule is very helpful in the identifieation 
tion peaks have been indicated in the tables, and of the transition, namelv that the height of the 
he weneniens giving ree te the peaks have metastable peak depends on the intensity of both 
anon unambiguously identified in nearly all — the peaks m,and m,and both will have an intensity 
re paper i « bevel summary of the transitions of greater than 5 percent of the maximum peak 
il sea date, including and greatly extending if the metastable transition is observable. The 
pines ict peeves paper [1]. experimental evidence for this rule has already 
Metastable transition peaks are observed us been discussed {1}. 
small abnormally wide peaks that are in general NE aE i Nee ee 
aut — mre agrieenge Hipple and Condon Atlantic ae Co. have published mass spectra 
|} bave shown that these peaks arise fr ions . , - 
; i a f wes " tks arise — sal of a number of the hvdroearbons included in the 
that dissociate alter the 1ons have passe ‘oug fod PS 
isl ld E ag eugene a eee National Bureau of Standards study and have 
the ton accelerating held. ‘or s re: ‘Vv . ‘ 1. . 
' [oa ot oe eee ey included metastable peaks [2]. There is usually 
have less than the full kinetic energy and an oul a } lahoratories i f 
hich is ] ‘ . ‘ good agreement between laboratories in spite oO 
apparent mass, We., W ; s les 2 » ‘le . “oo . . . 
PI | ‘a Me | - : = a ee eee the fact that identification of these small peaks Is 
iiss and given DY *reh ; i j 
7 “ae seenteee sometimes a matter of personal judgment and 
Mag=mPom (1) ae scone ; 

The hydrocarbons covered in this study include 
where m; is the mass during passage through the 59 straight-chain saturated hydrocarbons, includ- 
cleetrie field, and m, is the mass after dissociation. ing n-decane, 18 nonanes and all lighter saturates; 

: 34 olefins, including l-decene, l-nonene, 4 octenes, 

igures in brackets indicate the literature references at the end of this ; ° . 

3 heptenes, 13 hexenes and all lighter olefins; 21 
es Metastable Transitions in Mass Spectra 65 
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alkvlevelopentanes, 17 alkvleyelohexanes, 20 alkyl- 
benzenes, 5 dienes, 3 acetylenes, 6 cvelopropanes 
and evelobutanes, and 3 eyelootefins. 


II. Experimental Results 


The following tables list 100 different metas- 
table transitions that have been observed in hydro- 
carbon mass spectra, Many of these recur in 
many different hydrocarbons, and over a thousand 
different instances of metastable transitions are 
noted in the API tables. Here the transitions 
are classified according to the mass lost in’ the 
metastable transition. The first column of each 
table gives the apparent mass and is the value 
computed from the initial and final masses listed 
in columns 2 and 3. In the last column is indi- 
cated the compounds, or class of compounds, 
showing the transition. When a transition occurs 
only in one or two compounds or one or two 
classes of compounds, these are indicated specili- 
cally. If it occurs in three or more compounds, 
only the class of compound is indicated, and if it 
occurs in three or more classes it is listed as com- 
mon. The abbreviation p is used for the parent 
ion. The information on occurrence of metas- 
table transitions must be evaluated with due 
regard to the above list of compounds studied. 
Data on diolefins, acetvylenes, and cycloolefins are 
very incomplete. 

Loss of mass 1 (table 1). The loss of H in a 
metastable transition is very rare in view of the 
fact that in every spectrum there are many large 
peaks differing by one mass unit. In addition to 
the four transitions listed in table 1, the Socony 
Vacuum Laboratories [4] list two such transitions 
in propylene; 42°—41°>-1 and 40°--39°+-1. 
Although the transitions were not observed in our 
work, there is no reason to doubt these observa- 
tions. These metastable transition peaks coin- 
cide with large normal peaks and it requires careful 
study of the peak shape to prove that they exist. 
The second of these transitions gives an apparent 
mass of 38.0. An alternative explanation would 
be 42°—-40° +-2 with an apparent mass of 38.1. 

It is of interest that the transition 68° —>67" 
occurs in nearly all the C,H, isomers that have 
been studied, for these include a wide variety of 
compounds ; spiropentane, cevelopentene, methyl- 
enecyclobutane, several pentadienes, and = 1-pen- 
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tyne. In all these spectra the loss of H from th 
parent ion is a very probable transition, often th: 
maximum peak. 


7." an ° 
Tance Ll. Transitions involving loss of mass 1 
Ma my mys Occurrence 
iio tis? “7 From p of CsH<¢ isomers, 
THO 7st 77 From p of benzene 
aS ur sue Alkyl benzenes 
won w2* ult From p of toluene. 


Loss of mass 2 (table 2). This is by far the mos 
common type of metastable transition and is ob- 
served in most cases where there are two strong 
peaks differing by two mass units. 

> 


T .9 T. , p 
ABLE 2. ransitions involving loss of mass Z 


Ne m " Occurrence 

24.1 2° a Common, 
25.1 2B 2 Dw. 
mI “ as From p of ethane. 

1 sue 7 Common, 
re | 41 wv Dw. 
te | 4 ile Do. 
7.1 A iW Vinvlevelohevene 
is. i uy 1,5-Hexadiene, benzene 
m1 l 2.5,3-me 3-l-butene, CsH 
0 Common. 
ae | Ww hor Do, 
a | "u “7 Hevenes, 
wil in on Cyelies. 
74.1 7s it From p of benzene 
75.1 74 ri Common, 
veel s! au Cally isomers, 
SA.E w wm From p of toluene. 
Su) us ul Alkyl benzenes, 
wi Wis 1s De. 
ow 114° 112 From p of 2,5-me,: hexane, 


Loss of mass 15 (table 3). Inthe earlier work [1] 
all instances of loss of CH, in a metastable transi- 
tion involved the parent ion, but evelics and the 
included. As these 
ions of lighter 
olefins (or ions isomeric with the lighter olefins), 


heavier olefins were not 


molecule ions can dissociate int 


it is not surprising that this dissociation is fol- 
lowed by a metastable transition characteristic 
of the lighter olefin. 
CH,, the initial state is a molecule ion or at least 


In all instances of loss of 


an isomer of a molecule ion, 
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n th TABLE 3. Transitions involving loss of mass 15 TaBLe 5. Transitions involving loss of mass 26 


‘nh th 





Ne my m Occurrence Me mg me Occurrence 
I 2 a 4 From p of CyHe'’s and from CyHy's 1s Att 27 (Hs isomers 
and vinyleyclohexene, 15.3 55 2 Common 
wo “ i! Cyclies and olefins. 3.8 77 Sl Alkyl benzenes 
7) is ‘3 From p of a-butane, 4.7 7s h2 Benzene and alkyl benzenes 
43.2 nl) sits Cyelies and olefins. w4 Th 65 Alkyl benzenes 
4.3 a2 “7 From p of CoH y's. 4 105 Tur De 
“7 4 “wu C yelies and olefins 
sth St 71 From p of 2,3-me, butane. 
-s = - | Cy ent nee. Loss of mass 27 (table 6). The first transition 
12.3 lM sw! From p of 2-methylhexane. . - nt -_ 
1 1a v1 From p of C.Hy alkyl benzenes. was reported in the earlier paper }1]. The second 
most . a he eer ne transition occurs in dimethyl and ethyl benzenes. 
, s “ao ” W From poof evelies and olefins, " . 
1 . ss 
naager wi. 14 4 ~— From pof 2me heptane and 2,5-me The fact that the final mass is C,H, suggests that 
. eke radicals are replaced by H atoms in a rearrange- 
trong ne 1 Ww From p of Coll), alkyl benzenes . hy : er . 
, 14 119* | From pof City alkyl benzenes. ment of H atoms during the dissociation process. 
Taste 6. Transitions involving loss of mass 27 
) 
g P ' 
Loss of mass 16 (table 4). The first two transi- 
. . a , Me my, mer Occurrence 
tions listed in the table recur in many compounds, 
; : . 4 : . | 
: but other instances of losing ( H, are obviously | Re “ 27 From p of C4 Hy isomers 
very rare and a specific property of a few mole- ne 1a *s CsHyo benzens 


cules. The transition giving 82.3 is of interest 

because all eight of the C.H,, evelohexanes have 
. ° , n 

Loss o} mass 28 (table 7). Loss of CH, Is a 


common metastable transition reflecting the com- 
mon occurrence of CH,.CH, in molecular structure. 


been studied, and this is a conspicuous peak in 
vans 1,3-<dimethyvlevclohexane and = cis 1,4-di- 
inethvleyelohexane and is missing in all the others 
including the evs 1,3 and trans 1,4 isomers. The on —— 

ranie 7. Transitions involving loss of mass 28 


es and trans isomers give mass spectra that are 
quite similar in other respects. The designation 


2 ; . E Mae mé me Occurrence 
trans 1,3-dimethvleyclohexane is the revised desig- 
) nation for the compound of boiling point 124.455 44 80 1] Olefins and eyelies 
é C15] 252 70 42 From p of eyelopentane and from 
‘ other evelics 
% 
+ » 
' . ai ‘ ae ra $3* From straight-chain saturates 
Pi PABLE 4. Transitions involving loss of mass 16 4 e Be Olefir al nan as ; 
s4 nh From p of Cy evclics and a few other 
molecules 
my ! Occurrence 
8.2 sw! ay) From straight-chain saturate 
Sea - ; : mH u) “ Poluem 
ork [1] ; : 2 ie I ae iW! “7 nu Octenes and T-nonene 
. , se : ' ‘wo os FLL) Olefins and evehes 
. ' al 4 rom pot titurme 
ransi- ¥ ei sep “ Ww rr Alkyl benzene 
s. 12 mh From p of trans 1,3-me, eyclohexan : ie - ie ¥ atentihnisataneet 
ud the ind cis 1,4-me,) cyclohexane. ; _ an oe nas —— “: 
| aA liz st From poof Cs. evelies and from olefin 
these t ind D-lecene 
ighter © 
fi Hut 1 wl ATK v1 benzene 
S S), ° ~ ’ . . o , ane » of hats n ' 
, ! Loss of mass 26 (table 5). The second of these 72 124 ™ From p of butyl eyclopentan: 
is lo . : E . . StH 140 liz From p of l-decen 
; insitions has been listed [1]. The occurrence of 
eristic & os . . : . 
. insitions involving loss of C,H, from benzene 
Oss ol . . , ' 
nd alkyl benzenes is probably a consequence of Loss of mass 29 (lable 8). Loss of the ethyl 
L least - a > . . P . 
structure containing a ring of CH radicals radical, C,H,;, always comes from a parent ion, 
ssoclating by breaking carbon bonds. and in nearly all cases it could come from simple 
i =a: . 
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breaking of a carbon bond. Vinylevelohexene does 
not contain a CH, radical in its structure, and a 
rearrangement or double dissociation must be 


involved. 


TABLE &. Transitions involving loss of mass 29 

Me n ny Occurrence 
20 7 i! From p of pentenes 
wt us nu From p of C-Hy, evclopentanes 
ws lw From p of a-heptan 
-. Tos Pe From p of vinyleyclohevene 
fl 12 s From p of CsHy olefins and evelies 
ae | is s From pof vctane and 3,4 me, hexane 
au Ph 1 From p of propylbenzenes 
74 1 ’ From p of a-butyl eyclopentane 
“we s " From p of Thora 
s 4 Mm From p of Cy Hy alkyl benzene 
aA! Bi 11 From pof see. butyl evelohexane and 

l-<lecenme 
su4 142 11 i} m pof lee ‘ 
> . my: ™ - 

Loss of mass JU (table 9). | his Is another 


metastable transition that always comes from 
parent ions. Loss of CH, from a hydrocarbon 
requires either a double dissociation or a rearrange- 
ment of hydrogen atoms in the dissociation process. 
In most of the CH, isomers that give this and in 
the last two transitions listed, there is only one 
CH, radical in the structure; and in vinyleyelo- 
hexene there is no CH radical so that rearrange- 


ments seem to be involved in these cases. 


TABLE 9 Transitions involving loss of mass 30 
Ne Ny " Occurrence 

aa 72 1? Fron pot pentane, 

we se wir From p of a-hexane, 

4.0 lim) Tur From p of heptanes, 

“8 ust ms From p of vinyleyclohexene, 

wo 12 sv From pof Csi Somers, 

a 114* “4 From p of octanes 

ro Lit oT From pofn butyl evelopentane. 

sid lhe re From p of sec. butyl cyclohexane 


Loss of mass 40 (table 10). There is only one 
instance of the loss of C,H, in a metastable 
transition. It gives a conspicuous peak, and the 
initial and final states are abundant ions so the 


evidence is quite conclusive. 
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TaBLe 10. Transitions involving loss of mass 40 
Me m, m Occurrence 
v7 a7* 2.4,4-1me 9-2-pentene, 
Loss of mass 42 (table 11). The loss of CH, is 
a fairly common type of metastable transition 


observed in a variety of compounds containing 


seven or more carbon atoms. 


Paste 11. Transitions involving loss of mass 42 
) 
Me my my Chocurrence 
".7 s) ihr Heptanes, octanes and nomane 
2 “ir os) Olefins and eyclics above ¢ 
wo us 4 From pof C;-H,, isomers and l-decene 
32. w" 7 Octanes and nonmarne 
03 10s ir From p of vinyleyclohevene. 
iis 112 7 From p of Cy evelies 
M46 Is 7 Nonanes. 


Loss of mass 43 (table 12). There are only 
three instances in which the propyl radical CsH, 
is lost, and these all involve parent ions. 


Tanie 12. Transitions involving loss of mass 43 
Me m; m Occurrence 


4.7 1 wt From p of propyleyclohexane 


67.2 Ww wv From p of i-butyleyclohexane. 


Loss of mass 44 (table 13). Loss of CyHy, like 
the loss of C,H, requires a double dissociation or 
a rearrangement of atoms in’ the dissociation 


pre CESS. 


Tasre 13. Transitions involving loss of mass 44 
Me my mf Occurrence 

14 lor “ie From p of heptanes 

oe | 126 n2 From p of n-promyleyclohexane 


Loss of masses 56, 57, and 58 (table 14). Ther 
are only a few instances of metastable transitions 
involving the loss of four carbon atoms and al! 
these occur from parent ions of Cy Hj.» isome: 
losing CyH,, Cyl», and CyHy. Loss of a buty 
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radical, C,H,. from these molecules 


simple breaking of a carbon bond. 


dissociation, 


Tape 14. Loss of masses 56, 57, and 58 
Transition Occurrence 
wid 140* S40 From p of l-decene 
v.2 LHF SS 57 From pofl-decene and but ylcey clohexanes 
wn 140)*-982* +58 From p of butyleyclohexanes 


III. Discussion 


The interest in compiling data on occurrence of 
metastable transitions is that the transitions give 
some evidence as to the mechanism by which 


molecule ions dissociate. ln the case disso- 
ciations that give normal peaks, the dissociation 
takes place within the ionization chamber in less 
than 1077 see. If, the half-life for the 


dissociation transition is of the order of 107° see, 


however, 


then some of the transitions take place after the 
ion has traversed the ion accelerating field, and 
metastable transition peaks are observed. Be- 
cause of this delay the different kinds of transitions 
are sorted out and distinguished from cach other. 
If the initial mass is the parent ion, then a single 
then there 
ure at least two stages involved in the dissociation 


dissociation is involved. If it is not, 
process, one within the ionization chamber and 
one delayed transition. This multiple dissocia- 
tion occurs more frequently than single dissocia- 
often the 
metastable transition is not a simple dissociation 


tion. The above results show. that 


but involves either a rearrangement of atoms or 
a multiple dissociation. The following considera- 
tions show that a rearrangement involving transfer 
can explain most of the 
cases other than simple dissociation. 


of one hydrogen atom 


By far the most common type of metastable 
iransition is the loss of two hydrogen atoms. 
lt is known from appearance potential measure- 
ments that hydrogen atoms are commonly lost 
from the molecule ion as H, and not 2H [6]. This 
suggests that in all metastable transitions in- 
volving loss of mass 2 there is a rearrangement to 
re H, As the loss 

f Hina metastable transition is very rare, it is 


in the dissociation process. 


not attractive to assume that loss of 2H in two 


Metastable Transitions in Mass Spectra 


involves 
Loss of C,Hg 
or CH) would involve a rearrangement or double 


secIns more 


separate processes is common. It 
probable to assume that the affinity between H 
pairs of atoms in the 


atoms favors removal 
form H.. 

Appearance potential measurements also give 
some evidence as to transitions involving loss of 
CH, (table 4). Stevenson and Hipple [7] find 
that in the butanes the transition 58*—»42*--16 
gives CH, and not CH,~H. This suggests that 
all metastable transitions involving loss of CH, 
involve a similar The affinity of the 
methyl radical for H removes an additional atom 
Transitions involving 
44 (table 13), and 58 
(table 14) probably involve the same mechanism. 


pre ICECSS, 


in the dissociation process. 
loss of mass 30 (table 9), 


All except one of these transitions can be explained 
by transfer of only one H atom in the dissociation 

Removal 30 from vinyleyelo- 
involves complicated 


process, Mwass 
hexene 
ments. 

The losses of CH, (table 3), C,H, (table 8), 
CH, (table 12), and C,H, (table 14) from parent 
ions can in most cases be ascribed to simple 
breaking of a earbon bond. 
the loss of CH, 


The mass spectra of these are much like 


more rearrange- 


Two exceptions are 
from cyclopentane and ecyeclo- 
hexane. 
I-pentene and = 1-hexene, 
that in the evelics the ring breaks with a rearrange- 
ment of H atoms to give CH, at one end and CH 
at the other and that the metastable transition 
Loss of CH, from 1,3-butadiene and 
vinvlevelohexene also involve 


and it seems probable 


follows this. 
loss of CH. 
rearrangements, 

The losses of ¢ 
CH, (table 11) 
of a earbon bond in cases where the initial ion is 
not a parent ion. parent 
rearrangement of hydrogen atoms or a 


from 


“SH, (table 5), CH, (table 7), and 
ean come from simple breaking 


In cases where it 
ion, a 
double dissociation is required since breaking one 
bond in a hydrocarbon gives radicals with an odd 
number of H atoms, except in the case of breaking 
a ring. 

Nearly all the observed metastable transitions 
ean be accounted for as single dissociation proc- 
esses. In this dissociation one additional hydro- 
gen atom may be transferred to either the charged 
or uncharged fraction of the dissociating ion. This 
transfer of a hydrogen atom is very 
Only a few of all the observed transitions require 
more complicated rearrangements, and in these 


common, 


69 








cases an isomerization of the initial ion probably 
precedes the dissociation. 

The results show that ions dissociate in a great 
variety of ways, either in several successive stages 
or by loss of a rather large fragment in one step, 
but loss of more than three carbon atoms in one 
metastable transition is rare and only observed 
in a few Cy, hydrocarbons. 

The height of the 
metastable peak to the intensity of the initial and 


intensity rule relating 
final ions is quite general, and there are only a 


few instances where metastable transitions are 
distinctive of a given compound when the normal 
spectra are That the 28.2 
(table 3) .2-butadiene and present 
in other C,H, isomers has been noted [1]. The 
discussion of table 4 mentions another distinctive 


difference 


similar. peak at 


IS Inissinig in 


found in two Cy cevclohexanes. In 


general metastable transition peaks are not useful 
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in identification of unknown compounds in 
chemical analysis, but it is essential to include 
them in a careful description of the spectrum. 
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Impedance Characteristics of Some Experimental 
Broad-Band Antennas for Vertical Incidence Ionosphere 
Sounding 


By H. N. Cones 


This paper presents the results of measurements of the modulus of input impedance of 


” 


a uumber of nonresonant antennas over a continuous frequency range from 0 25 megacyeles 
I f t ant t freq ’ f It yel 


per s¢ cond. 


These antennas were constructed as part of a design problem of developing 


an effective radiating system for vertical-incidence ionospheric sounding equipment. The 


data are in the form of curves, and the antennas are compared with each other from the 


standpoint of uniformity of impedance over the frequency range. 


The use of multiple-wire 


construction to lower the average input impedance, to minimize impedance variations, and 


to increase radiation efficiency is discussed, 


I. General 


The delta antenna (illustrated in figs. 2 and 4 
hasa number of characteristics that make it attrae- 
vertical-incidence jono- 


tive as an antenna for 


spheric work. It is fairly compact, requires only 
a single large mast, and is easy to erect. However, 
is Input impedance, even when properly termi- 
nated, may vary from as low as 300 ohms to as 
much as 1,200 or 1400 ohms over the frequency 
range of 1 to 25 Mes, 


mission line to feed the antenna causes an even 


and the use of a trans- 
greater impedance variation. Furthermore, the 
radiation efficiency at the lower frequencies of the 
operating range is quite small. 

The vertical rhombic antenna, which is another 
lorm of nonresonant antenna frequently used for 
onospheric measurements, is somewhat more 
difficult to construet than the delta, requiring one 
arge mast and two smaller ones. Theoretical 
onsiderations lead to the conclusion that the im- 
pedanece characteristics of a vertical rhombic an- 

nna should be somewhat more uniform than that 


f 


of a delta. However, the tests performed thus 
ir were limited to existing rhombic antennas that 
vere not designed for optimum impedance char- 

teristics. Theoretical considerations would also 
ad one to believe that the radiating efficiency of 


vertical rhombic antenna, which is small com- 


cxperimental Broad-Band Antennas 


pared to the wavelength used, would be lower 
than a delta or vee antenna designed for the same 
frequency range. 

Elementary considerations indicate that the 
radiated field of a nonresonant antenna would be 
proportional to the product of the current flowing 
through the antenna and the length of the antenna, 
and is some function of the configuration of the 
antenna. 
the height and, therefore, the length of the an- 
tenna, the most promising approach to a more 
multiple wire antenna. 


Because physical limitations restrict 


efficient) radiator is) a 
Effectively, this lowers the impedance of the an- 
tenna, permitting increased current for a given 
input A qualitative analysis indicates 
that increased radiation efficiency may be thus 
Furthermore, because a multiple-wire 


power. 


obtained. 
antenna permits adjustment of wire spacing along 
its length, it appears to offer a possibility of also 
securing a more uniform impedance characteristic 
over the entire frequency range. 

The remainder of this report describes the tech- 
niques and results of experimental impedance 
measurements of the following types of antennas 

1. Single-wire delta antennas. 

2. A series of multiple-wire delta antennas. 
3. A vertical W antenna. 

4. A vertical double-W antenna. 
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II. Instrumentation 


For measurement of antenna impedance, a 
balanced recording impedance meter developed at 
this Bureau was used. 
strument was presented at the winter 1946-47 
IRE convention in New York City.’ Figure 1 


presents the block diagrams of the instrument. 


A deseription of this in- 
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RESORDING 
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Mo 
bictre 1 Block diagram ot im pe dance meter. 


Briefly, it consists of a 57-Me s fixed-frequeney 
oscillator heating with a variable frequeney os- 
cillator covering the frequeney band from 57 to 
sS2 Mes. 


Mes is passed through a wide-band amplifier 


The difference frequency of 0 to 25 


designed to have a constant current output. The 
output voltage is therefore direetly proportional 
to the absolute magnitude of impedance con- 
nected across the output terminals; no direct indi- 
cation of the phase angle of the impedance has 
thus far been provided. This voltage is reetified, 
amplified, and applied to a recording milliam- 
milliammeter and the 


mneter, The recording 


variable frequeney oscillator are mechanically 


coupled, so that the impedance is plotted as a 
funetion of frequency. A voltage stabilizer is in- 


corpoerated to insure constant current, 


The instrument is calibrated by substituting non- 


output 


induetive resistors for the unknown impedance. 


III. Results of Measurements 


Figure 2 shows the construction of a simple 
form of single-wire delta antenna. The principle 
of a delta antenna is similar to that of a terminated 
vertical vee in the higher portion of its frequency 
range; at lower frequencies it behaves somewhat 


H. V. Cottony, A method of rapid continuous measurement of antenna 
mpedance over a wide frequency range Paper presented before IRE Con- 


vention, March 6, 1047, New York, N.Y 
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SIDE VIEW 


PLAN VIEW 
Ficure 2. Construction ot single-w re delta antenna. 
like a loop. The delta construction minimizes the 
number of supports required and serves to solve thi 
problem of termination. Measurements of the 


impedance of the antenna shown in figure 2 were 





made for values of terminating resistance, Rp, | 
equal to 800, 1,000, 1,200, 1,400, and 1,600 ohms. | 
Figure 3 shows the impedance of the antenna ove: 

the frequeney range of | through 25 Mes, using 

a terminating resistance of 1,000 ohms, which was 

found to be optimum for minimum variation of 

input impedance. The range of input impedance 
in this case was from 300 to 1,200 ohms. The 
value of Pp was not particularly eritieal, since the 
range of input impedance for the SO0Q-ohm. ter- 
mination was 300 to 1.300 ohms, and for the 
1,600-ohmi termination was $00 to 1,200 ohms 
The impedance at frequencies from 16 to 25 Mes 
was only slightly affected by changes in terminat- 


ing resistance. At frequencies below 8 Mes, the 





impedance characteristics were influenced to 


Figure 3. Impedance of single-wire delta antenna 


optimum termination of 1,000 ohms, 
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much greater degree by different values of ter- 
ninating resistance, the number and location of 
the peaks being changed, although the maximum 
and minimum values of impedance remained 
about the same. 

Figure 4 shows the construction of a variation 
of the delta antenna designed by J. W. Cox of the 
Baddow Research 
British Mareoni Co. 


simpler delta by the presence of corkscrew turns 


Creat Laboratories of the 


It is distinguished from the 
at the lower corners of the antenna. These turns 
are intended to improve the performance of the 
antenna. Figure 5 shows the impedance charae- 
It can be seen that with 
optimum terminating resistor (/??p equal to 1,200 


teristics of this antenna. 
ohms), the impedance varied from less than 400 
ohms to approximately 1,100 ohms, and it uppears 
that the impedance characteristics of the antenna 
were not appreciably improved by the addition of 
he corkserew turns. 


Ry 
| 
r 
. 1, 
€ 
5 _* - 
VIEW 
- ~ 3 o 
WMA 1 *3 
30° LS 
? ‘ 
3 
, 
a 
Ay) 
PLAN V “ 


Piet rE 4 Construction of modified delta antenna 


ta, 6 ft. above ground; point b, 8 ft. above ground; point ¢, 10 ft 
1, pount d, M4 ft 


ibove 


ibove ground, 


The first multiple-wire delta constructed was 
lentical in size shape to the antenna shown in 
ure 2, except that it was constructed by using 
vo parallel wires spaced 15 in. apart in place of 
e single wire. Measurements were made by 
ing a number of different terminations. Figure 
) shows the impedance characteristies of this an- 


nna for an optimum termination of 600 ohms. 


Experimental Broad-Band Antennas 


SOTA 40 


y 


hictre 5. Impedance of modified delta 


antenna le 


optimum termination of 1,200 ohms. 


Ficture 6 Impedance of parallel-wire delta antenna 


Construction identical to that of figure 2, except that two parallel wires 


spaced 15 in. apart are used, Kr =600 ohms. 


The impedance in this case varied from 300 to 
It should be noted that the parallel- 
wire delta terminated with 600 ohms was superior 


S50 ohms. 


from the standpoint of uniformity of impedance 
1.000 
The impedance is lower and the variation 


to the single-wire delta terminated with 
ohms. 
small enough so that it would be practical to use 
a 600-ohm line to feed it. 

Several other types of multiple-wire deltas were 
constructed, The best results were obtained when 
the oblique wires had the configuration shown in 
figure 7. Each leg consisted of two wires joined 
at the apex and the lower corners and flaved 36 
In, apart at a point IS ft. from the lower corner, 
The exact position of the spreaders is not critical 
nor is the plane of the wires. The horizontal wires, 
however, have a very significant effeet on the im- 
Tests 


were, therefore, made in which the arrangement 


pedance characteristics of the antenna. 


of oblique wires shown in figure 7 remained un- 
changed and with the various arrangements of 
Re- 
ferring to figure 8, curve A shows the impedance 


horizontal wires shown in the same figure. 


when only a single No. 12 wire was used on each 
side. Curve B shows the results obtained by re- 


placing the single wire by two No. 18 wires spaced 
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OBLIQUE WIRES 
76° CURVES A,B,C,D. Fig.8 


| 

| 

| 

-—-- —— oo 
CURVE A Fig. 8 


65' SINGLE NO.12 WIRE 


—_ 2 « a) 
CURVE B Fig. 8 
2-NO.18 WIRES IN PARALLEL 
e =. « e 
) CURVE C Fig. 8 
. © © - 
6' ' 4-NO. 168 WIRES IN PARALLEL 
yy ar A Ay aay ee at es —— 
« > « - > 16" 
SIDE VIEW CURVE D Fig.8 ri 
4-NO. 18 WIRES IN PARALLEL 
SPACED AS SHOWN 
HORIZONTAL WIRES 
Figure 7 Configuration of oblique and horizontal wires of mult ple-wire delta antennas. 
j . 
\4-~ . 
Figure 8S. lmpedance of multiple-wire delta antennas 
Fach antenna terminated with 800-ohm resistor, Constructional details are shown in figure 7 
0.5 in. apart and connected in parallel. Curve C equal to one-half the value of Pp. The vees are 
shows the results when four No. 1S wires were fed by S00-chm lines, which join to form a 400- 
connected in parallel, and curve D the results ohm line. The impedance characteristic of the 
when the bottom wires consisted of two pairs of transmission-line system with the SO0O0-ohm lines 
No. IS wires connected in parallel and spaced 16 
in. between pairs, as shown in figure 7. 
Figure 9 shows that the high-frequency im- 
pedance characteristics can be improved at the 
expense of the low-frequency characteristic by $3 
changing the terminating resistance from S00 to = 
600 ohms. 
The W antenna, the construction of which is 
shown in figure 10, is essentially two vertical-vee 
antennas excited in phase. One side of each vee cians ta 
terminates in a common resistor, Py, and the , nip 
ig ‘ Figure 9. Impedance of multiple-wire delta antenna. 
other sides are grounded by means of vertical 
‘ ™ Same as curve D, ficure 8, except that value of terminatine resistor is ¢ 
wires connected to ground by another resistor ohms 
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Figure 10. Construction of W 


being terminated by SO00-ohm resistors is shown 
n figure 11. Impedance measurements of the 
antenna were made for values of Pp equal to 600, 
1,000, 1.200, 1400 ohms, 
shows the impedance characteristies of this an- 
1.000 
ohms between the two vee antennas and with 500 
For Ry equal to 600 ohms, the 
mpedance variation was between 200 and S00 
of the 
range, however, the impedance variation was only 
about 2:1. For Ry equal to 1,400 ohms, the 
impedance variation is only slightly greater than 


SOO, and 


Figure 12 
tenna with the optimum termination of 
ohms on each side. 
Over most 


ohms over the entire range. 


for the 1,000-ohm termination. 


Fieure 11. 


“ohm lines terminated with S00-ohm resistors. 
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antenna 


Impedance of transmission line system 


+ 


fi 








and associated transmission line system. 


Another section of the Wo antenna was con- 
structed to make a double-W antenna (four verti- 
cal vees all excited in’ phase). This antenna 


system is shown in figure 13. Each vee was fed 
with an S00-ohm line, pairs of SO0-olim lines being 
paralleled and fed with 400-chm lines. 


resulting 400-ohm lines also were fed in parallel. 


The two 


The impedance looking into the transmission-line 
system was, therefore, 200 ohms. Since 200 ohms 
is not a suitable load for current designs of multi- 
frequency ionosphere recorders, it Was necessary 
The 


design of an rf transformer aperiodic over a fre- 


to introduce an impedance transformer. 


queney range of 1 to 25 Me and capable of handling 


wed with W antenna. 
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with a pure resistance of 200 ohms ts shown in 
figure 14. Figure 15 shows the impedance char- 
acteristic of the entire transmission-line system 
used with the double-W" antenna, including the 
exponential-line transformer, the S0O-ohm lines 








; being terminated with resistance of SOO) ohms. 
Impedance measurements were made of the 
, 7 > 
: antenna for values of Rp equal to SOO, 1,000, and 
REQ v 1.200 ohms. Figure 16 shows the best results 
Fieure 12 Impedance of Wo antenna for optimum termi- obtained with this antenna, which were secured 
nation of 1,000 ohms. using a 1.000-ohm termination. Over most of 
Ry Ry 
‘ NM A NM ‘4 
\ ' 
\ 
\ 
\ \ 
\ \ 65 
\ \ 
\ \ 
\ R a \ 
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*y ’ 6 o 6 Fl gf » 6 >’ 6 fry 
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Lt ° 7 
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| 
Fietre 13.) Construction of double-W antenna and associated transmission line system 


10-kw power is quite complicated. The most 
promising solution appeared to be an exponential- 
line transformer Such a line is reasonably flat 
at all frequencies substantially greater than the 
cut-off frequeney. Sinee, for this application, a 
frequency range of | to 25 Me os was desired, the 
cut-off frequency of the line should be consider- 
ably below 1 Me s if impedance variations at the 
lower frequencies were to be minimized. How- 
ever, if the cut-olf frequeney was too low, the line 
would be inconveniently long. 

An exponential line transformer was therefore 
designed for an impedance transformation of 200 
to 600 ohms and for a cut-off frequency of 500 ke. 
The resulting line was 8S m long. The perform- 
ance of this line as a transformer when terminated 


2H. A. Wheeler, IRE 27, 65 Jan. 194%): C. R. Burrows, Bell Sys. Tech. J 
17, 555 (Oct. 1988); WN. Christiansen, Proe, IRE 34, 576 (June 1947 
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the range the impedance varied between about 
400 and 825 ohms. The impedance variation for 
a value of Pp equal to 1,200 ohms was 300 to 1,100 
ohms and for a value of Py equal to 800 ohms was 
from 400 to 900 ohms. 


MAGNITUDE 


OF IMPEDANCE 


ABSOLUTE 


es8t8de¢ér? ed 213 4i 2c 25 


FREQUENCY ,Mc/s 
Figure 14.) Impedance of exponential transmission line 


Line terminated with 200-ohm resistor 
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Fiaure 15 Impedance of entire transmission line system 
ised with double W antenna. 
sw-ohm lines terminated with S0O-ohm resistors 


bictre 16 Limpedane «oft double-W antenna for opl mam 


fersmination of 1.000 ohms. 


An attempt was made to determine the approxi- 
mate radiation efficiency of the antenna system 
by measuring the power absorbed by the antenna 
and its associated transmission-line system and 
the power dissipated in the terminal resistors. 
This measurement is possible at) frequencies at 
which the impedance of the antenna is a pure 
resistance. These are the frequencies at) which 
the impedance of the antenna is a maximum of a 
minimum. The power input to the antenna svs- 
tem is given by the expression 


E2 
R, 


The power input to the terminating resistors ts 
riven by the sum of 

EK; , BE’ , E,;’ E; E, 

R, RR | R, 
In these expressions /?, is the value of the input 
inpedance (resistive) of the antenna; 7), Ps, . 
Poo.) RY, are the values of the various termi- 
ating resistors, /¢, is the rms input voltage to the 


intenna;: and £,, BE, ...E#E,,...E, are the 
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rms voltages across the respective terminating 
resistors. 


Then the efficiency of the antenna as a radiator 
is given by the relationship: 


E28 EP 
cp RE, 
EFI i 

R, 
' R, > EY 
E. paul by 


It should be noted that the copper, dielectric, and 
ground losses are all included in the power radi- 
ated, and hence the efficiency of the antenna thus 
obtained is somewhat higher than the true radi- 
ation efficiency. 

At 3.6 Mes, the radiation efficiency of the 
antenna as measured by this method was found to 
be approximately 39 percent. 

Measurements were made that indicated that 
each vee had an average input impedance some- 
what higher than S00 ohms. An attempt was 
made to reduce this impedance by constructing 
the vees with spaced parallel wires, 6-in. spacing 
being used. The results are shown in figure 17. 
Comparing figures 16 and 17, it can be seen that, 
considering the entire frequeney range, the single- 
wire double-W' antenna is more desirable. How- 
ever, for certain limited frequency ranges, the 
parallel-wave antenna has smaller impedance 
Variations, 


Figure 17. Lmpedance of parallel wire double-W antenna 


IV. Conclusions 


1. The input impedance of the delta antenna 
over the frequeney range 1 to 25 Me/’s can be 
lowered and variations minimized, to the point 
where it is practical to use a transmission line to 
feed it, by the use of multiple wires in its con- 


struction. 
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2. The size and spacing of the wires parallel to 
the ground have a decided effect on the input 
impedance of the multiple-wire delta antenna. 

3. The input impedance variations of the ex- 
perimental double-W> antenna were of the same 
order of magnitude as those obtained with the 
single-wire delta. However, preliminary measure- 
ments indicate that the radiation efficiency of the 
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double-W antenna is somewhat higher than that 
of the single-wire delta antenna, particularly at 
the lower frequencies. The double-W antenna is, 
however, physically large, and its radiation pattern 
has not vet been determined. 


WasHIncTon, Mareh 31, 1949. 
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Formulas for the Percentage Points of the Distribution 
of the Arithmetic Mean in Random Samples from 


Certain Symmetrical Universes ' 
By Uttam Chand 


Using the method of Fisher and Cornish, the 100e€°; point of the distribution of the 
arithmetic mean in random samples of size N from any universe having finite cumulants, 


a? a rare is expressed to order 1) N? as a function of (7), the first five positive integral 
’ | 

powers of the 100€°) point of a standardized normal variable, and (77) the quantities Ay, 
K,)*, and K,/(K,)'/? for r=3, 4, 5, and 6. The numerical coefficients involved are evaluated 


for the case of sampling from the normal, rectangular, double-exponential, sech, and sech 

distributions, and the accuracy of the resulting formulas illustrated by numerical examples. 
Consider yy... Yyw a random sample of size , a a », 7 4 
: ahi! P I+ I o 


6N": “ 36N “) T24N 


r 52) 
rom a population having finite cumulants A 


A.(y), (@@#=1,2,...). Lete=e y Ky, Ky”? be a =r ‘ ally <— 
(. =f - (a Ou oo 


+ - t - > 
the relative cumulants, (r=<1,2, ...), and let 120.\ ™  24N 
Vand o@ specify the location and scale parameters 

. . . ' a - 
f the population distribution, respectively. ony b2u'— ue 1G 


Let y denote the sample mean and consider the 


tundardized variate , @ 
Te J 1Ou lou 
VY ey) ma ; a 
t—" Ky . += a (| 4a LO5ju + 10Gu 
VAL) =SS. 
. ee oe — "4 (3— 2454-29, 
Applying the formulas of Fisher and Cornish SS4.V° 
2}? and utilizing the relations ut 
9 rs 19 
ISON 2 ood iv 2lz 
AY) Ky (y) 1! 
9597 — 16882' +151 las 


 T77T6N? 


Kip) —Kiay) N 
where ror, is a normal deviate exceeded with 


probability €. 





ay / 0) 
In particular fora symmetrical universe We have 
a fii<at a,(w)=0 for r=3, 5, 7, 
d whence 
r - 
- 3 as (ly = ] ay a 
a,(t ayy) a,(y) N 7 : i Sea t. r-+ » is oi) + : aan * 10a’ + low ‘ 
24N\ N?1 720 
eone-tail e-probability point, f,, of the standard- nF. 
| . 3 4 > 5 9 Log 
. F P4r'e+20r) | 
d variate ¢ can be expressed to order of 1N? as 384 ‘" - 
on ofa paper written during the summer of 1947 when the author Miriam L. Yevick has drawn to my attention tl wet that pea mn 
vest worker at the National Bureau of Standards, and which was read of the above expression for fe with tl rrespor ‘I by 
the at the Eleventh Summer Meeting of the Institute of Mathematical Simaika | which ine les Lermis MVOIVINE yi ig) andy ‘ aS 
cs, held in Madison, Wis., Sept. 7 to 10, 1948 two errors in his numerical coefficients: the coef! rg River 29 
n brackets indicate the literature references at the end of tl SI” should read “—20384", and the coeflicier i ven as 107, 288"" 
' vl ! SS 





‘ch Percentage Points of the Arithmetic Mean 











It is interesting to note that for the one-tail Pape | Five symmetrical distributions and some of the 
mee Rod . . > me cumulants 
0.04163-probability. point, for whieh w= 3, we 
have k 
Distribution Density function . ay a6 
a variance) 
f.=—7r. +0 N ) a 
as A x » 
The density functions and the requisite eumu- 20° 
° : | Normal ft o 0 0 
. . . . . o Qn 
lants of five symmetrical distributions considered v 
explicitly are listed in table 1, and the values of eee t ew tgttetl * 6 os 
° t + 1 or 7 
> , > ” , » 12 : 
tf, computed for N10 from i-term (normal . 
approximation), 2-terms, and = 3-terms of the : 
. : . , : lee menti I a a” 
immediately preceding formula are compared with sees - de Woes 
the corresponding true values in table 2. 
| y—A ra 
Sech oh ( ) ” 16 
ro o ' 
1 N r-o- i 16 
sect ww (*=") 
2 0 2 - 
TABLE 2. Comparison of various approximate and exact values of probability points, ¢,, of the standardized variate ¢ 
V=10 
One-tail probability level 
I) but 
Howl ALLS eo O25 O05 ole ol 
N 
tn \ $ Our 2 AGAS 2. 3h 1. wean 1 #444 1. 2sle Oo O745 
Kectangul 
Jtern Josue 2? Alu 2 JN OA1T 1.0473 1. Jean ae 
ern 2 YRi7 2. 4270 2.207 1.951 Loi 1 SS) 
vee 2. Wai 2 An 2 271 Wi Loar 1. Jee). ost 
} otabele expe 
2 term 42 Huy 2 Me 1. sti) 1 HOSS 1. Jas note 
wats 2 HRY 2 3041 1. wave 1 oe 1 aie 6531 
exact 14 2 HN80 2. 342 Lusi4 1. 08 1. 212 | 
2584 2¢ 7] 2 3731 1 1 140s 1. 2671 tenn 
‘ 226 Pa 2.8712 1 1 Han 1 2677 Hee) 
exact yy 2 2.3711 Li 1. 677 HHO 
, ait » 22H 2.3044 wise 1 n24 Hoo 
Isa > a210 2 SMS weil 1 age tit 
lene 2 207 2 340 1 wis 1. Haze 2Th2 teil 
Thee rT listribution w taken mn Kelley [4]; for the rectangular and double-exponential distributions, from an unpublishe 
ible y | 7 he exact ilu (?¢. for the sech and sech? d ributions were computed under the supervision of Irene A. Stegun of tl 
National Bureau “ ! ‘ pu Laborate n mul prepared by Julius Lieblein of the National Bureau of Standards Statistical Engineerit 
Lat 
The author eXpresses appreciation to Churehill [3] J. Bo Simaika, Interpolation for fresh probability leve 


Eisenhart for suggesting this problem and to Lola 
S. Deming and Celia S. Martin of the Statistical 
National of 


Standards, for the numerical computations. 
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Refractive Indices of Thallium Bromide-Iodide Crystals 
for Visible and Infrared Radiant Energy ' 


By Leroy W. Tilton, Earle K. Plyler, and Robert E. Stephens 


The refractive indices of two specimens of thallium bromide-iodide (INRS;) were meas- 


ured at a constant room temperature of 27° C from 0.577 to 39 microns by use of a minimum- 


deviation spectrometer and a Perkin-Elmer infrared spectrometer equipped with a calibrated 


screw for operation of the Littrow mirror. 


In order to cover the entire region over which 


the prisms are transparent, many known wavelengths were used, including lines of mercury, 


sodium, hydrogen, and helium for the visible region. A cadmium-mercury lamp was the 


» » 


source from 1 to 2 microns. From 2 to 39 @ various absorption bands of carbondioxide, 


water, methyvlevclohexane, polystyrene, and polvethvlene were used, with a Globar as 


source, for the identification of wavelengths. 


Mixed crystalline thallium bromide-iodide, a 
material Known as KRS 5, has a very high re- 
fractive index, 2.63 for sodium light, and also a 
high density. It is opaque to wavelengths shorter 
than about 0.5 w but very transparent in the in- 
frared to about 40 u. The material is a solid 
solution of thallium bromide and thallium iodide. 
That is, it is truly a mixed erystal of the cubic 
system and therefore not double refracting when 
free from strain. Interferometer photographs in- 
dicate that some of the material is produced Ina 
reasonably homogeneous state, although certainly 
not as uniform as good optical glass. 

For growing these crystals, commercially ob- 
tainable chemicals of reagent quality are further 
purified by erystallization, and then proper mix- 
tures are melted and well stirred. The Germans 
report that a erystal nucleus is introduced at the 
top and that the whole is cooled from the upper 
surface, but it is also successfully grown from the 
bottom in this country. Crystalline ARS 5 was 
of great importance to the Germans in the design 
of optical systems transmitting infrared energy. 
Ineidentally, thallium bromide and iodide have 
been more or less known to petrographers for 15 
or 20 vr as powders that could) be mixed and 


work described in this paper was carried out in 1947 in part under 


Refractivity of Thallium Bromide-Iodide 


melted for producing a series of solid) immersion 
media having sodium-lines indices ranging from 
about 2.40 to 2.65 accordingly as the proportion 
of thallium iodide is varied from 0 to 75 percent. 
Solid solutions with more than 75 pereent of the 
iodide component are not stable in’ the cubic 
system but invert into a birefringent orthorhombic 
modification.“ 

Crystals of ARS 5 have been grown by a num- 
ber of investigators in the United States and are 
now grown by the Harshaw Chemical Co. of 
Cleveland. The measurements of refractive index 
herein reported were made on a 25° prism with 
faces about 6 by 6.2 em, from a erystal grown by 
Harshaw, and on a 12° prism with faces about 
t by 6.5 em, from a erystal grown by Francis P. 
Phelps at this Bureau. These prisms were made 
in the Bureau’s Optical Shop, and the surfaces 
were flat within a few wavelengths over about SO 
percent of their apertures. Both = these prisms 
were designed to contain approximately 5S percent 
of thallium iodide. The Phelps prism was ana- 
lvzed by Howard B. Knowles of this Bureau and 
found to contain 58.5 percent of thallium iodide 


Pom. Barth, Am. Mineral. 14, 358 (1929 Phe « 
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and 41.7 thallium bromide. The 


Harshaw prism has not been analysed, because it 


pereent of 


is in almost constant use on a long program of in- 
vestigations ino the infrared. Moreover, since 
this material is very susceptible to deformation 
by stress or shock, it seems unwise to jeopardize 
the homogeneity of this uniquely valuable optical 
component by the mechanical operations necessary 
in removing a sample for analysis. Later it is 
hoped that an analysis can be made in order to 
confirm the reasonable inference that this prism 
is about 0.5 pereent higher in thallium iodide 
content than is the Phelps prism, which has re- 
fractive indices only 0.002 lower than those of the 
Harshaw prism. 

The refractive indices of these prisms were first 
measured in the visible region for eight) wave- 
lengths in the vellow and red. This was done by 
use of a minimum-deviation spectrometer, chietly 


; ads 
The results 


at room temperatures near 25° ©, 
for each prism were expressed by a) Ketteler- 
Helmholtz dispersion formula of the form 


Mi 


n?=a?—k)? + ; ’ (1 
in which the parameters a7, k, m, and dF were ad- 
justed by the method of averages. The average 
residual of 7x107°, somewhat larger than = anti- 
cipated, may be aseribed in part to somewhat 
imperfect surfaces and some inhomogeneity, but 
also it is due in large part to lack of careful tem- 
perature control and observation for these pre- 
liminary data with visible energy. Also, since 
this material is practically opaque to visible radia- 
5,000 A, the indices 
measured in the vellow region are affected to some 
extent by the facet that the vellow light is more 
predominantly transmitted near the apex and 


tion shorter than about 


perhaps not at all through the thicker portions of 
the prism near its base. Therefore, the effective 
apertures for yellow and for red light do not ex- 
actly coincide, The resulting error in’ index 
measurement is probably appreciable in the vellow 
region but of little importance in the red and 
bevond. 
Subsequent measurements for A=5,876 and 
A=6,678 at 30° © 
near 25°, and a temperature 
16x10-8 deg C was found for light of approxi- 
mately 6,000 A. This sensitivity to 


temperature is over four times that of rock salt. 


were much lower than those 
coetlicient of 


optical 


82 


The method to be described fer the index meus 
urements in the infrared is not’ self-sufficient. 
For each prism the adjusted index (computed by 
6.458, is taken 


as the basis with respect to which the infrared 


eq 1) for the cadmium red line, A 
indices are to be computed, The use of eq | for 
adjusting the data in the visible region probably 
compensates ino large part for the inadequate 
knowledge of temperatures of the ARS 5 during 
individual observations. These basie indices for 
cadmium red at an average temperature of 23 
were then reduced to 27° C, the temperature of 
the room in which the infrared observations were 
made. 

In the infrared region use was made of a Perkin- 
with a 


Elmer infrared spectrometer equipped 


calibrated screw for operation of the Littrow 
mirror, VJ of figure 1. 
focal length 27.5 em, approximately 


The concave collimating 
mirror, ©, 
IS° off axis, has an aperture of about 7.5 em but was 
stopped down to a rectangular aperture of about 
5&5 em to reduce stray energy. The angular 
separation of the entrance and exit slits is 1.9636° 
at the face of the Littrow mirror. The angular 
equivalent of the screw was found to be 27.05’ or 
1623’ per turn, averaged over almost its total 
length. This was done by means of 64 successive 
steps with two mirrors that were set at ap angle 
of 5’ of are. A collimator and telescope were used 
for precision in making the steps. Evidence was 
found that seemed to indicate that the periodic 
errors of a single turn may be 4-10 see, and that 
progressive corrections to the average equivalent 
of the screw may sometimes exceed 30 see, but it is 
possible that this was merely evidence of distortion 


of the Littrow mirror, introduced by clamping. 








Prism installed on infrared spectrometer. 


Ficure 1. 
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The detector was of the Golay type with a 


KRS 5 window, the incident beam being inter- 
rupted about 10 times per sec. Slit widths as 
wide as 0.35 to 0.43 mm were necessary for visible 
radiation and for the region where the water vapor 
Widths of from 0.03 
to 0.20-mm were sufficient in the intermediate 


absorption was utilized. 
region. .\ measure of the energy received by the 
detector is automatically recorded on a Leeds «& 
Northrup Speedomax recording potentiometer. 
This spectrometer was used, not beeause it is 
particularly favorable for this work, but because it 
was available and index values were required. 


\n objection is the return passage of energy 
through the prism, which eauses additional losses 
by reflection and absorption. This is particularly 


disadvantageous in that the energy does not 
exactly retrace its path beeause of the angular 
separation of entrance and exit slits. 

Since on the infrared spectrometer the prism is 
stationary, and only the rotation of the Littrow 
mirror Tas be observed, it is hecessary to use the 
method of known incidence angle for refractive- 
index measurements with a spectrometer of this 
type. This method of known incidence was used 
by Rydberg * over a century ago, and Martens 4 
found it useful in measuring indices in the ultra- 
violet. Martens recommended the computation 


of indices by the equations 


tan ( fue ) tan a cot 


At? tan(i ah Ra 


” 


~ 


and 

sin + 
sin i’ 
especially when logarithms are used. For use 
ith computing machines it is preferable to use the 
quivalent forms 


sin ke 


cot 1-4 — 
, sin cl sin 


cot 7’ 


, 
y1/2 


n=sin ¢ (1+ cot? 7 P 
here the symbols have the meanings designated 
i figure 2. 


F. Rydberg, Poggendorf’s Annalen 14, 45 (1828 
F. FP, Martens, Verhandl. deut. physik. Ges, 3, 10 (1901 
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Figtre 2. Simplified relation of Littrow mirror to deviation 


prod iced by prism 


In order to install each prism of KRS 5 with 
suitable known incidence angle, ¢, on an infrared 
spectrometer of this type, small auxiliary prisms of 
glass were made with angle, .1,, approximately 
equal, in each case, to (AD) 2 for the minimum- 
deviation condition and some wavelength of visible 
KRS 5 


Although there is nothing very precise about the 


radiant energy traversing the prism, 
selection of a favorable incidence angle, 7, it- is 
necessary to know the ¢ that is actually used. 
Consequently, the angles of the auxiliary glass 
prisms are carefully measured, and they are used 
in the installation of the corresponding prisms of 
KRS 5 on the spectrometer as shown at .1 in 
figure 1. With any intense visible radiation fo- 
cused on the entrance slit, the prism pair is so 
light reflected 
polished face of the auxiliary prism is returned to 


oriented that from the outer 


the entrance slit. After removal of the auxiliary 
prism, any energy from the entrance slit’ will be 
incident on the unknown sample prism at an angle 
i—.1,, where A, is the measured refracting angle of 
the auxiliary glass prism. 

For any prism, starting with the refracting angle, 
A, the index, n, as adjusted for \y— 6,438, 1-27 
and incidental angle, 7, it is possible to trace rays 
through the prism, as indicated in figure 2, and 


find /¢), 


initial conditions. If the 


angle of emergence for these basie or 
Littrow mirror were 
normal to the emergent ray (zero angle between 
entrance and emergence slits), or even if the 
incidence angle of 6/2 on the Littrow mirror 
remained constant for the different wavelengths to 
be used, then the observable angular increments 
for the Littrow mirror, as determined from = the 
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drum readings of the serew, would be the exact 


increments applicable to /, to give Ey. 
Fortunately, 6/02, the incidence angle on the 

Littrow mirror, varies rather slowly as x changes, 

and it is not difficult to trace a series of pairs of 


ravs (for ¢ and for ¢—1.9636°) for arbitrarily 


selected evenly spaced values of n, as 2.60, 2.50, 
2.40, 2.30, 
6/2 asa function of x 
it is found that correct. pre- 
‘will enable one 


and form an interpolation table of 
Then when computing » 
by means of eq 1, 
estimation of m within | or 210 
to select a satisfactory value for the small corree- 
tion to the observed angular increment in /. for 
use in computing ” correctly within + 1 oer 2>< 10°. 
In order to cover the entire infrared region over 
Which these prisms are transparent, many wave- 
lengths were used, including those for various 
absorption bands of carbondioxide, water, methyl- 
evclohexane, polystyrene, and polyethylene, with a 
Globar as source. The ordinarily sharp zero 
branches of the absorption curves for various 
Vapors could not be used, because the recorded 
contours of these branches are not sharp at the 
center when the dispersion is low as is the case for 
these prisms from 3.4 to 14.3 u. Here, however, 
the recordings of the ordinarily broad bands of 
absorption of polystyrene, polvethylene, and 
methyvlevelohexane become usefully narrow. 
Equation | was found definitely inadequate tor 
accurately representing the index of refraction, 
even to four decimal places, over so long a spectral 
range as that covered in this investigation, Also, 
the four-constant Sellmeier formula with two 
terms, namely, 
M’> m'»© 
ere eo 
exactly equivalent to one form of the Kettler- 
Helmholtz formula (is strietly limited to two 


resonance frequencies), namely, 
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where 


M mi 


r 2 l- MM’ m’ 


=] 


vas found to be considerably worse than eq 1, 
which is merely a partially expanded, and there- 
fore an approximate, form of eq 4or 5.) Equation 
tor 5 ean, however, account for the effect of only 
one absorption band in the infrared and one in 
the ultraviolet, whereas their expanded forms ean, 
with the same number of constants, approximate 
the effects of multiple bands, and these prisms of 
KRS Sare known to have two prominent infrared 
bands, one each for the bromide and iodide con- 
tituents. By retaining in the expansion a term 
n-~ however, and adjusting the five parameters 


by least squares, the equation 


5.676 927 — 0.000 452 226 4dr 
0.000 000 OLS O19 TX! 
0.287 3017 


ny 0.102 775 
was found to represent the indices of the 25 
Harshaw prism. 

The same equation with a? 5.667 927 serves so 
well (see residuals in table 1) for the 12° Phelps 
prism that a betterment by least) squares is 
INNeECESSArV. 

Equation 5 with five constants, that is one in 


\\ hich 


vas not tried beeause if five constants are to be 
ised, it appears much better to trv the expanded 
form as in eq 6, where not only the constant, but 
certain other additional terms relating to any other 
pertinent absorption bands are automatically 
taken into account. 

Table 1 gives, according to eq 6 and 7, the 
ndices and the residuals, observed minus com- 
uted, for each of these prisms for the w avelengths 
hat were used. The avreement between observed 
nd computed indices for each prism is entirely 
atisfactory, and the computed indices for these 
risms are probably typical for this material. 
The differences in index from wavelength to wave- 
ength, easily obtainable from table 2, are probably 
ecurate to a few units in the fifth decimal. The 
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index residuals for the Phelps prism are larger, 
because the effects on index of accidental errors 
in deviation measurement are fully twice as large 
for the prism of 12° angle. Moreover, since the 
resolution is much lower, the angular errors them- 
selves are larger. The average difference in raw 
observed index between the two prisms varies from 
10-8 at 39 wu, 
figure 3, whereas the corresponding differences are 
In other 


13 107* in the visible region to 28> 


17 to 20% 107* in the computed indices 
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words, there is little if any difference in dispersion 


between these two prisms. The corresponding 
difference, if any, in the proportions in which the 
bromide and the iodide are present would be about 
0.5 percent, the Harshaw prism to have the slightly 
higher iodide content. 

Figure 3 shows by open circles the (observed 
indices of the 25° prism grown by Harshaw and by 
black dots the indices of the 12 
Phelps. Some indices of a sample of KRS 5 


| according to “Hettner’, 


prism grown by 


avs read from a curve ob- 


fe 


C for use in computing partial dis pe rsions 


tained from Germany, are entered on this figure as 
At 
the long wavelengths that sample of ARS 5 aver 
aged fully 1000¢10°* higher in index than th 
Phelps prism even allowing for a possible difference 


crosses. They extend, however, only to 32 p. 


of 10 deg C. This indicates, according to the index 
curves published Barth, that the Hettner 
sample contained about 2.5 percent more thallium 
iodide than the Phelps prism.° 


The 


by 


Hettner and Leiseg 


ing prism (footnote 4) °s said, however, to conta 
“7 of thallium iodide, which is about 2.36, /ess than that in the Phelps prisu 
With reference to index stability, it may be added that check measurement 
w A=f43S were made on the Phelps prism after a 15-month interval, using 4 
litferent spectrometer, and no change was found in the fourth decimal place 
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Fundamental Aspects of the Reaction of Oxygen With 
Carbon Adsorbents' 


By William V. Loebenstein’ and Neil L. Pennington 


The kinetics for the oxidation of the carbon in a coconut-shell charcoal, a new bone 


char, two service bone chars, and a spent bone char was found to be retarded first-order in 


character. The experimental data were obtained in a flow system with nitrogen-oxygen 


gas mixtures at temperatures below 400° C. 


Using the initial fractional rate of oxidation of 


the carbon as the criterion of evaluation, a linear plot against oxygen concentration was 


obtained for each temperature at which the 


temperature was expressed as the sum of two exponential Arrhenius-type terms 


combustion was studied, The influence of 


\ single 


relationship was derived by combining the effects of these two variables. This relationship 


proved equally valid when applied to all carbon adsorbents investigated. Some reaction 


mechanisms were proposed that were consistent with the experimental findings of the 


Investigation. 


I. Introduction 


The study of the kinetics of combustion of 


carbon was initiated about 85 vr ago {1, 2]° and 
i was early appreciated that the subject was highly 
omplex. Oxygen was found to react with carbon 
at temperatures much lower than those associated 
With ordinary burning, and the reaction was 


explained by the postulation of the formation of 


stable surface complexes. Rhead and Wheeler [3] 
n 1912 to 1915 found that it was not possible to 


uptake of OXVeeN, and these values dropped off 
rapidly with the addition of more oxvgen [5, 6}. 
In 1932 Kolthotf [7] demonstrated the existence 
of different specific oxide complexes on charcoals 
by observing either predominantly acidic ov baste 
properties, depending upon the conditions under 
Which the sample had been heated. A few vears 
later Klemene, Weehsberg, and Wagner |S] pro- 
posed carbon suboxide (C,QO)) as the intermediate 
complex formed during the combustion of carbon. 
They pointed out that the ratio of carbon dioxide 


‘as break down these complexes by evacuating at the to carbon monoxide, which could be predicted 
At same temperatures at which they were formed. from the decomposition of carbon suboxide at 
er MeLean [4] confirmed these findings vears later 100°C. was of the same magnitude as. that 
thi and observed that above 200° C none of the oxygen observed in the combustion of carbon at that 
ne s recovered in the uncombined state. Later, temperature. Rhead and Wheeler [3] believed the 
dex different forms of surface oxide complexes were oxide complex to have a variable composition 
ner suggested to explain the results of measurements C.O,, with « and y having different values, 
um f heats of adsorption of oxygen on a charcoal, depending upon the temperature so as to break 
Very high values were identified with the initial down into carbon monoxide and carbon dioxide in 
_ vibletad ee Me es varving relative amounts. This view was shared 
, United States Cane Sugar Refiners and Bone Char Manufacturers. a by Haslam [9], Shah [10], and also Oshima [11]. 
<p ee reser ndustry of the British Commonwealth, and the Chukhanov and Karzhavina {12} believed that 
sla Research Associate at the National Bureau of Standards, representing th the intermediate complex existed in’ the form 
~snenegte aor ea a vee ee Eee C.O,, which might decompose directly or combine 
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with more carbon and oxygen so as to vield 
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different relative amounts of carbon dioxide and 
Strickland-Constable [13] cited 
data supporting the simultaneous existence of 


carbon monoxide. 


two types of surface oxide, to which he assigned 
“Labile” and “Stable”. 


The apparent order of the oxidation reaction 


the names 


has also been subjected to considerable study. 
The results have varied, depending upon the 
source and history of the twpe of carbon studied, 
the temperature, pressures, oxveen concentration, 
and in some cases upon the rate of flow of the 
reactant gases. A) wide range of activation 
energies also have been reported in the literature. 
Values as high as 100,000 [14] and as low as 20,000 
[15] ealories have been obtained in’ the same 
temperature range and for similar types of carbon. 
Maver [16] in a review article in 1934 concluded 
that no complete formulation of the rates or 
mechanism of the combustion of carbon was 
vel possible 

In spite of the Variety of experimental methods 
employed, most of the recorded investigations 
agree on one of several important factors: the 
relative quantits of CRSCOUS carbon dioxide com- 
pared to carbon monoxide increases with the time 
of contact of the reactant gases with the carbon 
sample. This effeet was noted by Mever [17] in the 
oxidation of a carbon filament at high-flow veloc- 
ities; by Lambert [IS] using a granular bed of 
charcoal; and by Tsukhanova [19] during the 
passage of air through a hollow carbon evlinder. 
Recently, the effeet was observed by Deitz [20] 
ina plant-seale oxidation of bone char by passage 
through a rotary deearbonizer. Samples of gas 
were collected from various positions within the 
decarbonizer for analysis. The ratio of carbon 
dioxide to carbon monoxide increased to as high 
as 40:1 as the gases moved from the hotter region 
toward the cooler end from which they were with- 
drawn. These examples point to a possible second- 
ary oxidation of the carbon monoxide that is 
formed as one of the primary products during 
the combustion. 


II. Status of Present Investigation 


In a previous article [22] the rate of combustion 
of bone char and other carbon adsorbents was 
The data for 
bone char satisfied the requirements of a retarded 


followed with respect to carbon. 
first-order reaction. The equation, in its integrated 
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form, which lent itself most readily to a direct 
evaluation of the reaction rate constant was 


stated as follows: 
l l | ” 
; In , | hk—b ( In ' ) ‘| (1 


‘time (hours 


where 

measured from steady-state 
conditions ; 

/— fraction of the original carbon present in 
the sample that had burned in ¢ hours; 

/ reaction-rate constant (reciprocal hours) ; 

hoa numerical value is 


constant whose 


related to the extent of retardation. 


The reaction-rate constant was determined for 
one bone char (char 2) at different oxygen concen- 
trations, but at the same temperature and flow 
rate. Under these conditions it was found that a 
plot of & against percentage of oxvgen gave a 
straight line. This line, when extrapolated te 
zero percent of oxygen, intercepted the & axis at a 
value greater than zero. The same situation was 
found to exist for an activated carbon (char 6 
Where the retardation was so slight that a simple 
first-order relationship fitted the 
data satisfactorily. When In & was plotted 
against 1 7 for a new bone char, the resultant 


(unretarded 


graph deviated markedly from linearity. 

In the present paper a more detailed study is 
presented of the effects of oxygen concentration 
and temperature for a coconut-shell charcoal 
(char 1) and number of different 


Plausible mechanisms are suggested for the com- 


bone chars. 


bustion process that are consistent with the ob- 
served dependence of the initial reaction rate upon 
these variables. 


III. Procedure 


The apparatus and procedure have been de- 
seribed earlier [22]. Oxygen-nitrogen mixtures of 
known composition were passed downward through 
a vertically supported reaction tube containing 
the sample. The reaction products were then 
determined 
oxygen concentration, and rate of flow were held 


gravimetrically. The temperature, 
constant for a given combustion experiment; and 
the resultant carbon dioxide and carbon monoxide 
were measured at known intervals of time. The 
amount of carbon burned during each time inter- 
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val was computed from these quantities and ex- 
pressed as a fraction of the total carbon originally 
present in the sample. In every case, measure- 
ments were corrected to steady-state conditions. 


Equation | was emploved for the evaluation of 


the rate constant & by plotting the funetion 


ee 
‘Lm G1] 


and determining the intereept of the resultant 


against 


straight line. 


IV. Independence of /: and Dependence 
of CO,./CO Upon Sample Weight 


Several combustion experiments were conducted 
with new bone char (char 2) at 280° C, 4.8-percent 
oxygen in nitrogen and three separate flow rates: 
270, 330, and 465 ml min. The samples varied in 
weight from about 0.5 to 6.0 ¢. The results are 
listed in table 1 in the order of increasing weight 
of sample within a group of a given flowrate. A 
comparison of the second and fifth columns shows 
no dependence of rate constant upon sample weight 
ata flowrate of either 270 or 465 ml min. An 
examination of the fifth column discloses only a 
slight effeet of flow-rate upon &. 


Panie | Comparison of the rate constants and the ratios 
C0, CO with sam ple weights for char 2 (a new bone char 


at three d [he rent rates of flow 


\Il measurements were made at 280° C and 4.8 percent oxygen in nitrogen 
Weight of Flow Rate con 

Fayu miprle rate COOoCeo tant 
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It may be seen from the fourth column of table 1 


that the ratio of carbon dioxide to carboo monoxide 
definitely increases with increasing weight of 
sample within each group of flow rates.‘ Further- 
more, higher ratios are seen to be associated with 
lower flow rates. This is demonstrated by com- 
paring the ratio of carbon dioxide to carbon mon- 
oxide for experiments 16, 21, 12, and 3, all of 
which are based on sample weights close to 1 g. 
These ratios at 270, 330, and 465 ml min are 
$.1, 3.3, and 2.6, respectively. Moreover, when 
each of the ratios mentioned is multiplied by the 
corresponding flow rate, the values 1,100, 1,100, 
and 200, respectively, are obtained Since 
velocity of flow is inversely proportional to the 
time of contact, this demonstrates clearly that for 
the same weight of sample the CO,CO ratio is 
directly proportional to the time of contact of the 
reaction mixture with the char sample. 


V. Influence of Oxygen Concentration 
and Temperature on the Reaction Rate 
Constant 


Equation 1 is the integrated form of the 
equation: 
dt 1—f 
dt” 1+bf, ss 


where both -# and 6 may be considered to be 
funetions of oxygen concentration and tempera- 
ture, and df df is the fractional rate of combustion 
of the carbon in the sample. It may be seen 
from eq 2 that & is the limiting value of df df 
as f tends toward zero. An alternative definition 
of & is, therefore, the initial rate of combustion. 
A plot of & against mole fraction of oxygen ts 
given in figure 1 for a coconut-shell charcoal 
(char 1) at a flow of 270 ml min at the indicated 
temperatures. The values of & were obtained 
from the experimental data by use of eq 1. These 
values are given in columns 3 and 5 of table 2 
The results for a new bone char, 2; service char, 
35; service char, 3; and spent char, 27 also gave 
linear dependences of # upon oxygen concentra- 
tion, as may be seen from the unbroken lines in 


ee 


‘It is felt that the tapering off of the last two figures in column 4 #., 6.2 
ind 6.1) is not a real effect. It is possible that the capacity of the carbor 
dioxide absorption tube in the analysis train was slightly exceeded when the 
highest weight samples were used. This would have allowed a small amount 


of CO: to pass through and be included later with the CO 
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figures 2, 3, 4. and 5.) The values are given in 


, 


columns 3 and 5 of tables 3, 4. 5, and 6, respee- 


tively. 
Parie 3. Rate constants for the combustion of char 
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It is immediately evident from figure 1 that / 


exhibits a linear dependence upon the mole frac- 
tion of oxygen, regardless of the temperature at 
which the combustion was carried out. An extra- 
polation to zero mole fraction vields a positive 
than zero on the & Both 


Intercept greater 2NIS, 


the intercept, /,, and the slope, Sp, inerease as 
the temperature increases The initial rate of 
combustion may then be written in the form 

k= I7-+- [O.)Sz, 3 


where |O.) is the mole fraction of oxvgen, Jp and 
S; being functions of the temperature and inde- 
pendent of one another 

The numerical values of J; and Sp may be com- 
puted graphically from the data of table 2 and 
figure 1 corresponding to each of the four tem 
If, now, In Jp and In Sp are 
each plotted against the reciprocal of the absolut: 


peratures indicated, 
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temperature, a linear relationship is obtained in 


Upon 
substitution of eq 4 and 5 in eq 3, the dependenes 
of / upon temperature as well as oxvgen concen- 


if) 


A test of the experimental validity ol eq 6 Was 


next applied to the other carbonaceous adsorbents 


with Carbon Adsorbents 


» 


bone chars) studied in this investigation, 
A similar treatment was made only for those data 
no entries in the last column in tables 
This corresponds to the two un- 


A numerical evaluation of the four parameters 
of eq 6 was thus obtained for each of the four bone 
chars, since only two lines are necessary for this 
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MOLE FRACTION OF OXYGEN 
FiGuRt - 4 Rate constant k as a Junction of oryuqen con- 
centration for char 2 (a new bone char) at 260 , 280°, 300°, 
and 320° C and a flow rate of 270 ml) min. 

The broken lines were constructed by using eq 6 with appropriate param- 
eters computed from equations of the continuous lines at 260° and 280° C 
(See also table 3 The continuous lines are drawn through experimental 
points, 


type of determination. The broken lines in 
figures 2, 3, 4, and 5 were then constructed from 
eq 6 by using values of 7’ at which other measure- 
ments had been made. The closeness of fit of 
these points with the predicted lines so constructed 
is evidenced from an examination of the figures. 
A numerical comparison of observed and calculated 
values of & is available between the last two 
columns of tables 3, 4, 5, and 6. The numerical 
values of the parameters A, B, /\, and E, for each 
of the materials investigated in this paper are 


given in table 7. 
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320°, 340°, 360°, and 380° C and a flow rate of 


mil min 


The broken lines were constructed by using eq 6 with appropriate par 


eters computed from equations of the continuous lines at 280° and 


(See also table 4 The continuous lines are drawn through experimer 


points 
VI. Theoretical Considerations 


Any mechanism, in addition to predicting th: 
observed results, must be consistent with accepted 
thermodynamic concepts. To be of real valu 
the mechanism should predict unknown facts 
concerning the reaction and thus point the way for 
further investigations. 

One reaction that is known to take place 1 
connection with the combustion of solid carbons 
ceous adsorbents is the catalytic oxidation of CO 
to form CO,. Evidence in support of this may ! 
gained from the data contained in table 1!) 
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It he broken lines were constructed by using eq 6 with appropriate param- 
computed from equations of the continuous lines at 280° and 320° C, 


also table 5.) The continuous lines are drawn through experimental 
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320°, 340 


’ 
The broken lines were constructed by using eq 6 with appropriate param- 

eters computed from equations of the continuous lines at 280° and 320° ¢ 

(See also table 6 The continuous lines are drawn through experimental 


points 
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Figure 6 Logarithms of the slopes and intercepts, respec 
tively, of the lines in figure 1 for char 1 (a coconut-shell 
charcoal exrpre ssed as a function of the ree iprocal ahsolute 
te m pe ratures 

TaRBLE 7. Calculated values for the parameters of the rela- 

tionship (eq 6), u hich €L Presses the rate constant as a 


function of oxygen concentration and te m perature 
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considering the change in the ratio of CO, to CO 
with time of contact of the gases with the sample 
The catalytic oxidation is not concerned with thi 
consumption of carbon from the solid state 
hence, the variation in the CO, to CO ratio ean 
not be expected to have any effect upon kt. = ~This 
point was also brought out earlier in the paper 
The catalytic reaction may thus be eliminated in 
connection with the initial steps involved in the 
combustion process. 

Of the many mechanisms that have been pro- 
posed in. the past for the low temperature com- 
bustion of carbon, only a few are consistent with 
the experimental findings of this paper. Equation 
6 contains two terms, both of which increas: 
exponentially with the reciprocal of the absolute 
temperature; but only one depends upon oxygen 
concentration. This requires that two processes 
must be taking place independently. Further- 
more, some, if not all, of the primary produet must 
be CO, since CO is one of the products. A recent 
article by Strickland-Constable 125] reviewed the 
various mechanisms that have been proposed for 
the combustion of carbon at temperatures above 
and below 1,000° C 
in that paper applicable in the range of 400° C 
could easily be expanded to fit the experimental 
findings of this present investigation. It states 


One mechanism contained 


“Since the (surface oxygen) complex appears to 
be neither an intermediate product, nor reversibly 
adsorbed product, a remaining possibility is to 
consider it to be a by-product of the main reaction, 
which is only formed at certain favourable points 
on the surface. When once formed, the complex 
remains on the surface as a relatively stable body 
that is decomposed to the product only on raising 
the temperature.” Insofar as the rest of the sur- 
face is concerned, the reaction could be first order 
with respect: to oxygen. The decomposition ol 
the stable complex need not be caused solely by 
raising the temperature. It could depend upon 
the acquisition of sufficient energy to decompose 
it at the reaction temperature and, hence, could 
very well be independent of oxvgeen concentration 

Another possibility is that the entire surface is 
covered with a single type of complex. This could 
then decompose to products in two ways, both 
taking place simultaneously. In the first way, the 
decomposition would be spontaneous depending 
upon the absorption of sufficient energy to de 


compose the complex at the reaction temperatur 
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and thus be independent of the oxygen concen- 
tration. In the second way, the complex would 
combine with additional oxygen before decompos- 
ing to products such that this step would be 
proportional to the oxygen concentration, 

A third possibility is that two distinet surface 
complexes are formed independently of one 
another. In the one case, the rate of decomposi- 
tion of the complex (assumed to be much slower 
than its rate of formation) would be rate deter- 
mining and, thus, be independent of oxygen con- 
centration. In the other case, the rate of forma- 
tion of the complex would be the slower and, hence, 
could) very likely be proportional to oxygen 
concentration, 

In any of the above processes the total reaction 
rate would, of necessity, be given by the sum of the 
two individual steps and lead to an expression of 
the form of eq 6. Whether one, if any, of these 
mechanisms is to be preferred depends upon 
additional experimental work beyond the scope 
of this paper. The existence of one, or more thaa 
one, species of complex taking part in the com- 
bustion process is a problem that might be an- 
swered from X-Ray diffraction measurements. 

Surface-area studies may not be expected to 
throw any light on the extent of complex covering 
the surface. On the other hand, heats of ad- 
sorption of nitrogen for surfaces covered with 
complex as compared with surfaces partially 
denuded of complex might afford a means of 
estimating the extent of complex coverage. 

A positive intercept on the & axis has been 
treated as though a finite initial reaction rate 
existed as the oxygen concentration approached 
zero. "This may or may not be so. If, as shown 
in figures 1 through 5, the extrapolation below 
the lowest measured value of 0.02 is valid, it would 
imply the prior presence of chemisorbed oxygen. 
On the other hand, if the linear relationship breaks 
sharply as zero oxygen concentration is approached 
such that the reaction rate also goes to zero, this 
would imply an initial induction period. Such an 
nitial process could be interpreted as the rapid 
formation of a chemisorbed oxygen laver. Further 
experimental work at very low oxygen concentra- 
tion ts required under conditions where the amount 
of chemisorbed oxygen were known and could be 
altered deliberately. 

A possible reaction that has not been considered 
elsewhere in this paper is the reduction of carbon 
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by CO, and its converse, the autooxidation of CO. 
At 360° C the equilibrium constant for the CO, 
reduction of graphitic carbon is of the order of 
magnitude of 107° [24]. No similar figure is avail- 
able for the carbonaceous residues such as exist 
in carbon adsorbents. One may assume that it is 
about the same magnitude, since no measurable 
loss of carbon in bone char by reaction with pure 
CO, was observed in independent experiments until 
temperatures in excess of around 600° C were used. 
The converse reaction would cause the forma- 
tion of carbon brought about by the simultaneous 
oxidation and reduction of CO. No evidence 
exists as to whether this reaction takes place to 
any measurable degree under the conditions of 
this investigation. This point could be estab- 
lished, however, by treating carbon adsorbents 
with CO and testing for the presence of CO, in 
the products. Radioactive tracer technique might 
also be employed to advantage in determining 
whether carbon is deposited. 


VII. Summary 


1. A study was made of the rate of combustion 
with respect to carbon of carbon adsorbents below 
400° Cas a function of oxygen concentration and 
temperature. 

2. Experimental results confirm the beliefs of 
earlier investigators that some of the carbon mon- 
oxide formed is oxidized catalytically to carbon 
dioxide as a secondary process. The extent of 
this secondary conversion is inversely proportional 
to the velocity of flow, other factors remaining 
constant, 

3. The initial combustion rate at constant tem- 
perature depended linearly upon oxygen concen- 
tration. 

4. The temperature dependence of initial com- 
bustion rate at constant oxygen concentration was 
expressed as the sum of two Arrhenius-type terms. 

5. By combining the influence of oxygen con- 
centration with that of temperature, a single rela- 
tionship was obtained in terms of the initial reae- 
tion rate. 

6. Activation energies (or free energies) of the 
Arrhenius-type terms were evaluated for the com- 
bustion of each of the five carbon adsorbents 
investigated. 

7. Possible reaction mechanisms consistent with 
the experimental results were postulated. 
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